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Chapter 1. Introduction 
 
1.1 Background of “One-pot” Reaction 
  The total synthesis of natural products is a crucial pursuit in organic chemistry. It is 
especially important to provide molecules efficiently, which possess attractive biological 
activities and that are difficult to be isolated from natural sources in sufficient quntities.  
The development of an efficient synthesis further permits detailed biological 
investigations and medicinal research. Recently, sustainability is also an important 
issue in the synthesis of natural products and drugs. This aspect of organic synthesis 
may be gauged in terms of atom economy,[1] step economy,[2] and redox economy.[3] In 
addition, the development of catalytic reactions, protecting-group-free[4] and 
toxic-metal-free syntheses can also reduce chemical wastes and contribute to 
sustainability. Today, organic chemists should always consider not only efficiency issues 
but also sustainability in order to achieve the ideal synthesis.[5] 
 
  In this context, a one-pot reaction sequence can contribute to sustainability in that 
several transformations can be carried out in a single reaction vessel. Recently, one-pot 
reactions have been noted in synthetic organic chemistry because they can eliminate 
not only several purifications and potential chemical wastes, but also reaction times and 
simplify experimental manipulations.[6] Therefore, the one-pot reaction is regarded as 
an environmentally friendly method. We should thus consider concepy of “pot economy” 
when we plan a synthesis. There are many examples of the multistep one-pot syntheses 
recently. Some examples in the synthesis of complicated molecules are introduced in 
this chapter. 
 
  MacMillan’s group reported short syntheses of strychnine and several indole alkaloids 
via organocatalysed [4+2] cycloaddition reactions followed by several transformations in 
one-pot (Scheme 1).[7] The asymmetric Diels-Alder reaction between indole derivative 
1-1 and propynal (1-2) was performed in the presence of imidazolidinone catalyst 1-3 to 
afford the Diels-Alder adduct 1-4. Successive elimination of methyl selenide then 
provideed iminium ion 1-5. The intramolecular Michael reaction of nitrogen atom, 
followed by tautmerization of enamine to iminium ion and hydrolysis of the generated 
iminium ion, resulted in the formation of the optically active spiroindoline core 1-8. 
Here, several reactions proceed in one-pot under one set of reaction parameters to 
produce the target efficiently. They subsequently achieved the total syntheses of indole 
alkaloids by using the key intermediate 1-8. 

















































Scheme 1. Synthesis of (－)-strychnine by MacMillan group via a one-pot cascade. 
 
  Vanderwal and coworkers accomplished the synthesis of strychnine in only 6 steps 
(Scheme 2).[8] They thus prepared the intermediate 1-11 from N-allyl trypramine 1-10 
and treated 1-11 with NaHMDS and CuBr･SMe2 to undergo a Brook rearrangement 
followed by transmetalation to copper and intramolecular Michael addition in a 
successive one-pot manner. As a result, the key intermediate 1-13, known as the 
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  By advancing one-pot chemistry to involve differing reaction cascades, reagent types, 
and reaction conditions, our group has developed a one-pot synthesis of (－)-oseltamivir 
via a key organocatalyzed asymmetric Michael reaction.[9] Treatment of nitroalkene 
1-16 with α-alkoxyaldehyde 1-15 in the presence of diphenylprolinol silyl ether catalyst 
thus gave the Michael adduct 1-17. Without isolation of 1-17, addition of a vinyl 
phosphonate derivative and Cs2CO3 intiated a domino Michael/Horner-Wadsworth- 
Emmons reaction sequence to construct cthe yclohexene ring system 1-18. TolSH and 
zinc dust were next added to the same reaction vessel to complete the total synthesis of 




































Scheme 3. One-pot synthesis of (－)-oseltamivir via a sequence of differing reaction 
types, conditions and transformative cascades or domino reactions. 
 
  Our one-pot reaction concept, i.e., “pot-economy”, can thus achieve an 
environmentally friendly and concise synthesis of complex molecules, and goes beyond 
one set of predefined conditions to achieve a reaction cascade or a domino type of 
reaction. Herein, we have targeted the efficient synthesis of various biological active 
compounds via one-pot reaction sequences and organocatalyzed asymmetric reactions 
that have been developed in our group.  
  In this dissertation, I have focused on the synthesis of biological active compounds by 
utilizing our one-pot concepts and reaction procedures. I selected prostaglandins and its 
derivatives as intital synthetic targets, which contain the cyclopentane ring framework. 
In the next section, I will explain the background of cyclopentane products and the 
strategy of the construction of 5-membered ring systems. 
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1.2 Construction of Cyclopentane ring 
There are many natural products, drugs, and useful molecules containing the 
all-carbon 5-membered ring skeleton, a cyclopentane framework, as shown Figure 1. In 
particular, prostaglandin E1 (1-22), I2 (1-23) and other prostaglandin derivatives have 
strong and attractive biological activities; also, beraprost (1-24) is an efficient drug 
developed by Toray that is based on the prostaglandin structure . However, it is difficult 
to synthesize optically active 5-membered rings efficiently. Thus, further development is 
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  We have reported the diastereo- and enantio-selective synthesis of cyclohexane ring 
systems by employing glutaraldehyde (1-26) and nitroolefins 1-27 under 
organocatalyzed conditions using diphenylprolinol silyl ethers (Scheme 4).[10] This 
reaction can be termed a formal [4+2] cycloaddition reaction because a 6-membered ring 






















Scheme 4. Formal [4+2] cycloaddition reaction between glutaradehyde and nitroalkene 
 
If we employ succinaldehyde (1-29), which is 1-carbon shorter than glutaraldehyde, a 
formal [3+2] cycloaddition reaction would proceed to furnish the cyclopentane ring 1-31 
(Scheme 5). We thus expect the cyclopentanecarbaldehyde 1-31 to be a useful chiral 
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1.3 Present Work 
  In this thesis, I describe the development of the formal [3+2] cycloaddition reaction 
and the total synthesis of the PGE1 methyl ester by using one-pot reaction concepts. 
Below, I summarize each section of this dissertation briefly. 
 
  In chapter 2, the formal [3+2] cycloadditon reaction was developed (Scheme 6). 
Nitroalkene 1-30 was treated with succinaldehyde (1-29) in the presence of 
diphenylprolinol silyl ether to give an optically active cyclopentane derivative 1-31. 
After reduction, the diol 1-32 was obtained in good yield and excellent enantioselectivity. 
1-32 was then dehydrated into the corresponding nitroalkene 1-33. This latter 
intermediate was found to be a useful and reactive chiral building block due to its 
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  In chapter 3, a three “one-pot” synthesis of the PGE1 methyl ester (1-39) was first 
achieved via the formal [3+2] cycloaddtion reaction developed in chapter 2 (Scheme 7). 
It is noteworthy that intermediate 1-36 possesses all the necessary carbon atoms of 
prostaglandins and 1-36 can be prepared readily in one-pot from the simple nitroalkene 
1-34, succinaldehyde (1-29), and Horner-Wardsworth-Emmons agent 1-35. Moreover a 
novel transformation of nitroalkene 1-37 to enone 1-38 under basic conditions was 
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Scheme 7. Three “one-pot” synthesis of PGE1 methyl ester 
 
  In chapter 4, I pursued the synthesis of beraprost (1-24), which is an important drug 
by Toray against platelet-based diseases (Scheme 8). We could prepare nitroalkene 1-41 
in one-pot operation via formal [3+2] cycloaddition reaction, acetalization, and 
dehydration. After several functional group transformations from 1-41, the 
intermediate 1-42 was synthesized in good diastereoselectivity. Next, base-induced 
intramolecular SNAr reaction was found to construct the benzofuran ring 1-43 
successfully. Currently, the total synthesis of optical active beraprost is under study. 
 



















































Scheme 8. Synthetic study of optical active beraprost 
 
  In chapter 5, the mechanistic study of a new transformation was demonstrated 
(Scheme 9). Thus the transformation of nitoroalkene 1-37 to enone 1-38 was discovered 
in chapter 3. When the reaction was performed under 18O2, the 18O labeled enone 1-45 
was obtained in good yield. This indicated that molecular oxygen is involved in the 
reaction. Not only nitroalkenes 1-46 but also nitroalkanes 1-48 can be employed in this 
reaction to give their corresponding ketones 1-47 and enones 1-49 in good yield. The 
conditions developed were found to be very mild and tolerate acid- and base-labile 
























up to 82% up to 93%
Generality
1-44
1-37 PGA1 methyl ester (1-38)
1-45
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Chapter 5.
 
Scheme 9. Oxygen-mediated Nef reaction under basic condition 
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Chapter 2. Formal [3+2] Cycloaddition Reaction of Succinaldehyde with Nitroalkene 
Catalyzed by Diphenylprolinol Silyl Ether 
 
2.1 Introduction 
All-carbon 5-membered ring systems, i.e., cyclopentane frameworks, are important 
structures in organic chemistry because of their core importance in natural products 
and drugs. Today, it is desirable to not only develop efficient methods to cyclopentane 
rings, but also to construct these in a highly stereoselective and sustainable manner. 
Asymmetric catalysts and reactions are undergoing rapid developments recently. Of 
the many useful reactions to synthesize optical active carbocycles, the cycloaddition 
reaction is one of the most efficient. For instance, the [2+1] cycloaddition reaction, such 
as the Simmons-Smith reaction,[1] can form cyclopropane products, the [2+2] 
cycloaddition reaction[2] can form cyclobutane derivatives. The Diels-Alder reaction[3] is 
one of the most important [4+2] cycloaddition reactions and affords all-carbon 
6-membered ring systems. Notably, formal [3+2] cycloadditions to form all-carbon 
5-membered carbocycles in a step-wise fashion are much less explored and developed. 
In 2007, we reported the formal [4+2] cycloaddition reaction[4] of glutaradehyde with 
nitroalkenes via asymmetric Michael reaction followed by intramolecular Henry raction 
when catalyzed by diphenylprolinol silyl ether, a popular organocatalyst developed in 
our group[5] and by the Jøgensen group[6] in 2005 independently (Scheme 1). In this 
reaction, the cyclohexane ring is synthesized in a stepwise manner by combining 
4-carbons of glutaraldehyde (2-1) and 2-carbons of nitroalkene 2-2. This overall addition 
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  The proposed mechanism is summarized in Figure 1. Glutaraldehyde (2-1) reacts 
with the catalyst 2-4 to form the enamine 2-5. The Michael reaction of enamine 2-5 with 
nitroalkene 2-2 proceeds in a diastereo- and enantio-selective fashion to give the adduct 
2-6. In the event, an intramolecular Henry reaction occurs successively to construct the 
cyclohexane ring system. Finally, hydrolysis of the iminium ion 2-7 provides 
cyclohexanecarbaldehyde 2-3 and regenerates the catalyst 2-4. At the start of my PhD 
studies, we reasoned that a formal [3+2] cycloaddition reaction could be effected by 
employing succinaldehyde instead of glutaraldehyde through a similar reaction course. 
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2.2 Optimization of the reaction condition 
  We first investigated suitable conditions to generate succinaldehyde directly from 
2,5-dimethoxy-tetrahydrofuran in a practical manner (Scheme 2). Commercially 
available 2,5-dimethoxyfuran was treated with a catalytic amount of Amberlyst15 in 
water at 90 °C to give succinaldehyde in 75% yield. The reaction was performed under 
an open-air system to remove MeOH, which was generated during hydrolysis of the 
starting material. This procedure was found to be practical, because purification only 
involved filtration of Amberlyst15 and extraction with ethyl acetate. After concentration 
in vacuo, highly pure succinaldehyde can be obtained in good yield. 
 
OMeO OMe







Scheme 2. Preparation of succinaldehyde from 2,5-dimethoxytetrahydrofuran 
 
  Next, we investigated the effect of solvents in a formal [3+2] cycloaddition reaction 
when catalaysed by diphenylprolinol silyl ether (Table 1). β-Nitrostyrene was selected 
as a model substrate and solvent screening was performed. Treatment of β-nitrostyrene 
with succinaldehyde in CH2Cl2 gave the desired cyclopentanecarbaldehyde, which can 
epimerize at the α-position of formyl group. Thus, this aldehyde was immediately 
reduced by NaBH4 to afford the corresponding diol as a mixture of diastereomers in an 
overall yield of 62% (Entry 1). The diastereomer ratio was found to be 37:34:16:13, as 
determined by 1H NMR analysis. After treatment of this diol with Ac2O in pyridine, 
dehydration proceeded smoothly to furnish the corresponding nitroalkene in 75% yield 
(Scheme 3). At this stage, we could determine that the cis/trans ratio was >95:5 and the 
enantiomeric excess of the cis isomer was 91%. To increase the chemical yield and 
enantioselectivity, we carried out further solvent screenings. The yield decreased in 
toluene, THF and hexane, and the reactions were slower than CH2Cl2 (Entries 2, 3, and 
5). In MeOH, the reaction did not proceed at all and the starting material was recovered 
completely (Entry 4). When p-nitrophenol[7] was added as an additive, both the yield 
and enantiomeric excess increased. The product was obtained in 74% yield with 95% ee 
and the reaction completed within 1.5 h (Entry 6). 
  In the formal [4+2] cycloaddition reaction of glutaraldehyde, an excellent 
diastereoselecivity was achieved. However, when we carried out the formal [3+2] 
cycloaddition reaction of succinaldehyde, a poor diasteroselectivity was observed in the 
diol form. After removal of water from the diol, diastereoselectivity of the corresponding 
nitroalkene was excellent (cis:trans = >95:5). This shows that the first Michael reaction 
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proceeded in a highly diastereoselective fashion but the second intramolecular Henry 
reaction did not proceed with good diastereoselectivity.  
 
Table 1. Optimization of formal [3+2] cycloaddition between succinaldehyde and 
nitrostyrene[a] 















































[a] Unless stated otherwise, reactions were performed by employing succinaldehyde 
(0.75 mmol), nitroalkene (0.30 mmol), diphenylprolinol silyl ether (0.03 mmol), 
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2.3 Generality 
  The generality with various 1-aryl-2-nitroethenes was atudied next (Table 2). 
Naphthyl group can be used in this reaction, although the first reaction was slow 
because of a low solubility of the starting material (Entry 2). Not only the  electron 
deficient p-bromophenyl group, but also electron rich p-methoxyphenyl group gave the 
desired products in good yield with high enantioselectivity and diastereoselectivity 
(Entries 3 and 4). Heteroaromatic furyl group was also successfully employed (Entry 5).  
 















































































[a] Unless stated otherwise, reactions were performed by employing succinaldehyde 
(0.75 mmol), nitroalkene (0.30 mmol), diphenylprolinol silyl ether (0.03 mmol), 
p-nitrophenol (0.03 mmol) and solvent (0.60 mL) for indicated time. [b] The reaction was 
performed by using indicated diol (0.20 mmol), acetic anhydride (0.60 mmol), and 
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pyridine (0.40 mL) for 18 h. [c] Yield of purified product. 
 
  The optimized conditions for 1-aryl-2-nitroethenes were not the best for 
1-alkyl-2-nitroethenes. In the case of alkyl nitroalkenes, the intramolecular Henry 
reaction was slower than that for aryl nitroalkenes. Indeed, we obtained an acyclic diol 
2-10 as a byproduct derived from the dialdehyde 2-8 (Scheme 3). After several 
investigations, we found that the addition of i-Pr2NEt accelerated the intramolecular 
Henry reaction. Under these condition, the desired product formed in 82% yield and the 







































Scheme 3. The reaction of 1-phenetyl-2-nitroethene 
 
  Under conditions employing i-Pr2NEt, the generality was investigated (Table 3). Not 
only 2-phenylethyl group, but also β-siloxy and cyclohexyl groups could be employed to 
provide the product in good yield with high diastereo- and enantio-selectivity (Entries 1, 
2, and 4). In the case of the nitroalkene possessing tert-buthoxycarbonyl moiety, the 
reaction completed within a short time to give the product in high yield with excellent 
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[a] Unless stated otherwise, reactions were performed by employing succinaldehyde 
(0.75 mmol), nitroalkene (0.30 mmol), diphenylprolinol silyl ether (0.03 mmol), 
p-nitrophenol (0.03 mmol) and solvent (0.60 mL) for indicated time. After complete 
consumption of nitroalkene, i-Pr2NEt (0.06 mmol) was added to the reaction mixture. 
[b] The reaction was performed by using indicated diol (0.20 mmol), acetic anhydride 
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2.4 Relative and Absolute Configurations 
  Relative configuration was determined by using 1H NMR and NOESY spectra.[8] 
During the synthesis of prostaglandin E1 methyl ester, the absolute configuration was 
determined through this formal [3+2] cycloaddition reaction by comparison between our 
synthetic PGE1 methyl ester and literature data (1H NMR and the optical rotation). [9]  
A proposed mechanism is illustrated in Figure 2. Diphenylprolinol silyl ether 2-4 
reacts with succinaldehyde (2-11) to generate the chiral enamine 2-12. Michael reaction 
of enamine with nitroalkene 2-13 gives intermediate 2-14. Successive Henry reaction 
proceeds in intramolecular fashion to form cyclopentane framework. Finally iminium 
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2.5 Summary 
  We have developed a highly diastereoselective and enantioselective formal [3+2] 
cycloaddition reaction between succinaldehyde and both alkyl and aryl nitroalkenes via 
a domino Michael/intramolecular Henry reaction sequence, as catalyzed by diphenyl 
prolinol silyl ether. This reaction sequence is able to access optically active cyclopentane 
derivatives in a practical manner. Such chiral cyclopentane motifs are important in 
organic chemistry in both total synthesis and drug pursuits. In particular, this 
methodology is useful for the synthesis of prostaglandin E1 methyl ester, which will be 
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Chapter 3. Three "One-pot" Synthesis of Prostaglandin E1 Methyl Ester 
 
3.1 Introduction 
Prostaglandin(PG)s are important and attractive natural products because they elicit 
a plethora of biological activities. PGs and their derivatives are used as medicines all 
over the world. Many research groups, such as Corey, Stork, Woodward, Noyori, 
Danishefsky, and so on, have reported differeing approaches to the total syntheses of 
PGs.[1] In particular, E. J. Corey and coworkers developed one of the most elegant 
syntheses of PGs via the so-called Corey lactone.[1] Although being very practical, a lot 
of reaction steps are required in today’s terms. Herein, we aim to develop an efficient 
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3.2 Retrosynthetic Analysis 
  My working retrosynthesis of PGE1 is shown in scheme 1. PGE1 methyl ester (3-1) 
would be synthesized from PGA1 methyl ester (3-2) through known transformations. 
Ester 3-2 would be derived from nitroalkene 3-3. The stereochemistry of the ketonic 
α-position would be controlled by base-promoted isomerization. The allyl alcohol moiety 
in compound 3-3 would be constructed by diastereoselective 1,2-reduction of an enone. 
Enone 3-4 would be formed by a Horner-Wasdworth-Emmons reaction of the 
corresponding aldehyde 3-5 possessing a cyclopentane ring. The key step in our 
synthesis is the asymmetric construction of an optical active five-membered aldehyde. 
This would be achieved by the union of succinaldehyde (3-7) and nitroalkene 3-8 and via 
an asymmetric formal [3+2] cycloaddition reaction catalyzed by diphenylprolinol silyl 
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3.2 Optimization of the Formal [3+2] Cycloaddition Reaction 
  First of all, we started to optimize the formal [3+2] cycloaddition reaction (Table 1). 
Nitroalkene 3-9 was selected as a model substrate. In entry 1, the reaction was 
performed without additive in CH2Cl2. This gave the desired aldehyde 3-10, which was 
immediately reduced by NaBH4 to prevent epimerization of the formyl α-position. After 
reduction, the diol 3-11 was obtained in 53% yield. In the presence of p-nitrophenol, the 
yield of the reaction increased to 64% (entry 2). Toluene was not a suitable solvent for 
this reaction (entry 3). In the case of THF, the reaction proceeded to give the desired 
material in moderate yield (entry 4). The best result was obtained in MeCN with 
p-nitrophenol, giving 3-11 in 76% (entry 5). Based on these results, we further optimized 
the reaction. 
 



















entry time / h yield / %[b]solvent
2 3 64
3 toluene 5 46
8 65
5 6 76
























[a] Reactions were performed by employing succinaldehyde (3-7) (0.45 mmol), 
nitroalkene 3-9 (0.30 mmol), additive (10 mol%), catalyst (10 mol%), and solvent (0.60 
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  We isolated by-products in the formal [3+2] cycloaddition reaction and obtained the 
acyclic diol 3-13 in 11% yield (Table 2, entry 1). This diol should be derived from 
dialdehyde 3-12, which indicated that the intramolecular Henry reaction was slow. We 
screened various base additives to accelerate the Henry reaction. Thus, after completion 
of the first Michael reaction, we added i-Pr2Net. This gave the desired 3-11 in 82% yield 
(entry 2). Undesired 3-13 was not isolated under these conditions. Exposure of i-Pr2NEt 
for a long time decreased the product yield. presumably due to decomposition of 
aldehyde 3-10 (entry 3). Adding DBU, a strong base, the yield decreased (entry 4). 
Inorganic bases such as K2CO3 and KF were found ineffective (entries 5, 6). From these 
results, i-Pr2NEt was selected as the best base additive. Under the conditions of entry 2, 
the desired Michael/Henry product was obtained in good yield and the diastereomeric 
ratio was 76:15:9. At this juncture, it was difficult to determine the relative 
configuration of the two side chains. Being disposable stereogenic centers, we converted 
nitroalcohol 3-11 into the corresponding nitroalkene. 
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[a] Reactions were performed by employing succinaldehyde (3-7) (0.45 mmol), 
nitroalkene 3-9 (0.30 mmol), additive (10 mol%), catalyst (10 mol%), and solvent (0.60 
mL) at room temperature for the 6 h. After the completion of Michael reaction, base was 
added in the reaction mixture at 0 °C for indicated time. [b] The diastereomer ratio was 
in entry 2. [c] Yield of the purified product. 
 
  Nitroalcohol 3-11 was thus treated with Ac2O in pyridine to give the corresponding 
nitroalkene 3-14 in 75% yield. The ratio of cis/trans diastereomers was determined to 
93:7 by 1H NMR analysis. The enantiomeric excess of the major cis isomer was 
confirmed to 95% by chiral HPLC analysis. Thus, the formal [3+2] cycloaddition 
reaction proceeded in both a high diastereoselective and enantioselective manner. 
  Having achieved the construction of the prostaglandin core skeleton via a formal, 










cis : trans = 93 : 7
3-11 3-14
 


















- 25 - 
3.3 Preparation of Side Chain Units, Nitroalkene 3-8 and Phosphonate 3-19 
  Nitroalkene 3-8 was synthesized from commercially available cyclooctene 3-15 in 3 
steps (Scheme 3). The double bond of 3-15 was cleaved by ozone in MeOH to provide the 
aldehyde 3-16.[2] The aldehyde 3-16 was next treated with nitromethane and Et3N to 
furnish the corresponding nitroalcohol. Dehydration of the nitroalcohol was 












Scheme 3. Synthesis of nitroalkene 3-8 
 
 We also prepared the Horner-Wadsworth-Emmons reagent 3-19 from both 
commercially available phosphonate 3-17 and methyl ester 3-18.[3] Treatment of the 
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3.4 Total Synthesis of PGE1 Methyl Ester 
  Having the side chian fragments in hand, we investigated the asymmetric formal 
[3+2] reaction. Nitroalkene and succinaldehyde (3-7) were mixed in the presence of 
diphenylprolinol silyl ester. After confirming the disappearance of 3-8, i-Pr2NEt was 
added to the reaction mixture at 0 °C and the Hornor-Wadsworth-Emmons reagent was 
added successively. This furnished the key intermediate 3-21 including all carbon of 
prostaglandins in good yield as a mixture of diastereomers in a ratio of 76:17:7. From 
the model study, the stereochemistry at C8 and C12 would be controlled even though 
the relative and absolute configuration was currently unknown. It is practical to 
synthesize 3-21 because each reagent was added successively to the same pot and only 5 
mol% of catalyst was required. 





































Scheme 5. Synthesis of key intermediate 3-21 via formal [3+2] cycloaddition reaction 
followed by Horner-Wadsworth-Emmons reaction in one-pot operations. 
 
  Having the key intermediate 3-21 in hand, we studied the 1,2-reduction of the enone 
moiety. Several reduction methods have been reported, including Corey-Bakshi-Shibata 
reduction,[4] BINAL-H reduction,[5] Noyori asymmetric hydrogenation,[6] and 
DIP-chloride reduction.[7] Since substrate 3-21 was a mixture of three diastereomers 
derived from the four stereogenic centers, catlytic diastereoselective reduction was 
expected to be complicated at this stage. Thus, we selected the stoichiometric conditions 
of DIP-chloride reduction as a more likely reliable method. (－)-DIP-chloride was added 
to a solution of enone 3-21 at -40 °C to give allylic alcohol 3-22 in 68% yield with high 
diastereoselectivity. Dehydration of 3-22 smoothly proceeded by using acidic Al2O3 to 
- 27 - 
afford nitroalkene 3-23 without protection of the hydroxyl group at C15. If 
Ac2O/pyridine condition was used, the hydroxyl group at C15 needed to be acetylated. In 
the final stage of this synthesis, acetyl deprotection was anticipated to be troublesome 
because prostaglandins are very unstable under basic and acidic conditions. 






























Scheme 6. The transformation of enone 3-21 into nitroalkene 3-23 
 
  Our final stage concept to synthesize the PGA1 methyl ester (3-2) is shown in Scheme 
7. Thus, base-promoted deprotonation of the γ-proton at 3-23 would generate the 
corresponding nitronate 3-24. Nef reaction would then convert anion 3-24 into the 
desired enone 3-2. As a cis configuration of the cyclopentene system is normally 
unstable because of steric repulsion, the desired trans orientation of the two side chains 
















3-23 PGA1 methyl ester (3-2)3-24  
Scheme 7. Synthetic plan of prostaglandin A1 methyl ester 
 
  After several investigations, we discovered that DABCO could promote an 
isomerization of the double bond in nitroalkene 3-23 to an unusual allyl nitro compound 
3-25 in good yield (Table 3, entry 1). Unexpectedly, the PGA1 methyl ester enone 3-2 was 
also obtained, although the yield was 11%. At room temperature, the reaction gave the 
desired enone 3-2 in 42% yield. However, the undesired PGB1 methyl ester (3-26) was 
also obtained in 19%. Eventually, we carried out the reaction at 0 °C in the presence of 
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1.5 equiv. DABCO and the desired product was produced in good yield (entry 3). It 
should be emphasized that PGA1 is very unstable under basic conditions because of 
isomerization of the double bond would occur. This newly discovered reaction could thus 
be applied to synthesie PGA1 methyl ester due to its mild reaction conditions.  
 
Table 3. Transformation of nitroalkene 3-23 to prostaglandin A1 methyl ester (3-2) in the 

























yield 3-2 / %[b] yield 3-26 / %[b]
MeCN
3-23
PGA1 methyl ester (3-2) PGB1 methyl ester (3-26)
 
[a] Reactions were performed by employing nitroalkene 3-23 (0.10 mmol), DABCO (0.10 
or 0.15 mmol), and MeCN (1.0 mL) at 0 °C for indicated time. [b] Yield of purified 
product. 
 
  Excluding the Nef-like oxidation step, our proposed mechanism is shown in scheme 8. 
In this reaction, nucleophilic DABCO gave the best result. In other words, an 
aza-Michael reaction is expected to intially proceed to give the DABCO-adduct 3-27. 
Subsequent elimination of DABCO would afford the conjugated nitronate 3-27. Enone 
3-29 would then be generated from 3-28, although the reaction mechanism was unclear 
at this time. This will be discussed in detail in chapter 3. Final isomerization of the 
α-position would give the desired trans PGA1 product (3-2). Further conjugative 
isomerization of the double bond would generate the undesired dienone 3-26. Clearly, 
the proton at C12 is rather acidic because of its double allylic positioning and mild 
conditions are needed to selectively retain the enone 3-2 in good yield. 
 








































Scheme 8. Proposed mechanism of the transformation of nitroalkene to enone 
 
With the PGA1 methyl ester 3-2 in hand, we began to complete the total synthesis. 
Epoxidation of 3-2 under basic conditions provided the epoxide 3-30 in a 
diastereoselective fashion.[9] As the reaction was carried out at -45 °C, hydrolysis of the 
methyl ester moiety was suppressed. Final reductive opening of epoxide 3-30 with 
excess zinc powder was carried out under acidic conditions.[10] In the event, epoxide 
opening reaction proceeded smoothly to give the PGE1 methyl ester (3-1) in 71% yield 




MeOH, -45 oC MeOH-Et2O, rt
NH4Cl aq.
2 steps 71%















Scheme 9. Total synthesis of prostaglandin E1 methyl ester 
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3.5 One-pot Synthesis of PGE1 Methyl Ester from 3-22 
  Next, we developed a one-pot synthesis of the final product via a sequence of additive 
operations from the allyl alcohol 3-22 in order to achieve a more effective and concise 
totals synthesis (Scheme 10). Treatment of allyl alcohol 3-22 with acidic Al2O3 at 60 °C 
provided the nitroalkene 3-23. After solvent evaporation and swap with MeCN, in the 
same reaction vessel, transformation of nitroalkene 3-23 to enone 3-2 was promoted by 
adding DABCO and i-Pr2NEt. This reaction was rather slow as a one-pot process, but 
addition of i-Pr2NEt accelerated the reaction, presumably by neutralizing any residual 
acidic Al2O3. Next, a critical internal quench of the basic components of the reaction was 
achieved by adding TMSCl and MeOH, i.e., after the DABCO induced transformation 
from nitroalkene 3-23 to cyclopentanone 3-2. When the reaction mixture was 
evaporated without TMSCl treatment, the total yield decreased due to base promoted 
double bond isomerization of enone 3-2 providing the undesired PGB1 methyl ester 
(3-26). After evaporation of the solution of 3-2, crude material was dissolved in MeOH, 
and cooled at -45 °C and nucleophilic epoxidation with H2O2 was performed to furnish 
the epoxide 3-30. After further addition of TMSCl to neutralize the reaction mixture, 
epoxide opening reaction was carried out with zinc powder to furnish the targeted PGE1 
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3.6 Summary 
  We achieved the enantioselective and concise total synthesis of PGE1 methyl ester in 
14% overall yield. It is noteworthy that only inexpensive and simple starting materials 
were used. There are several features in the present synthesis: 1) Only three reaction 
vessels are required to provide PGE1 methyl ester. 2) The optically active cyclopentane 
ring system is constructed via and efficient, asymmetric, formal [3+2] cycloaddition 
reaction by a readily available diphenylprolinol silyl ester catalyst. 3) A new 
transformation was discovered that can directly convert nitroalkenes into enones under 
mildly basic conditions. 4) Hydroxyl group protection at C15 in the allyl alcohol 3-22 
was found unnecessary, thereby cutting the total number of steps and a sensitive final 
stage deprotection issue. 5) “Drug-compatible” metal reagents were employed in the 
synthesis, i.e., Li, Na, and nontoxic Zn. Toxic heavy metal reagents were not used. From 
these features, our present synthesis is not only efficient and environmentally benign, 
but also applicable to provide prostaglandin derivatives and other natural products 






















































Scheme 11. Three “one-pot” synthesis of prostaglandin E1 methyl ester 
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Chapter 4. Synthetic Study of Beraprost 
 
4.1 Introduction 
  Prostaglandins (PGs) are an important class of natural products because of their 
strong and fascinating biological activities. PGI2 (4-1), one member of the prostaglandin 
family, has received particular attention because of its attractive biological activity 
including the prevention of the formation of platelet plugs. However PGI2 is too 
unstable under acidic or even neutral conditions to be used as a treatment. Its half-life 
is 10 minutes and 4-1 is easily hydrolyzed to provide 6-oxo-PGF1α (Scheme 1).[1] This 
















Scheme 1. Hydrolysis of PGI2 
 
  The researchers of Toray industries have developed a new PGI2 analogue with an 
m-phenylene structure at the C5-C6-C7 to stabilize the enol ether linkage in the natural 
PGI2 (Figure 1).[2] They have also developed a stable analogue named beraprost (4-4).[3] 
It is less toxic and more stable than other PGI2 derivatives and commercially available 
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  Toray has developed a racemic synthesis of beraprost as a mixture of two 
diasteromers relative to the C-16 postion (Scheme 2).[3] They selected 
dibromocyclopentene 4-5 as a starting material, which was treated with potassium 
phenoxide derivatives to give the cis bisether 4-6. Treatment of 4-6 with Grignard 
reagent followed by the successive addition of copper iodide provided the benzofuran 
ring 4-7 via intramolecular SN2’ reaction. Prins reaction of 4-7 with trioxane and acetic 
acid gave diol 4-8, and the corresponding mono- and di- acetates. Saponification of the 
mixture was performed to convert all acetate derivatives into the diol 4-8. 4-9 was 
obtained by treating 4-8 with Grignard reagent to undergo mono halogen-metal 
exchange followed by addition of an aldehyde-ester. Key intermediate 4-10 was afforded 
in one-pot through reductive cleavage of the C-Br bond in 4-9, solvolysis of the γ-lactone, 
and removal of the secondary benzylic hydroxyl group by employing Pd/C and H2 in 
MeOH under acidic conditions. Trityl ether 4-11 was obtained through selective trityl 
protection of the primary hydroxyl group and acetylation of the secondary hydroxyl 
group. Aldehyde 4-12 was provided via selective deprotection of the trityl group under 
acidic conditions followed by oxidation of the primary hydroxyl group. 
Horner-Wadsworth-Emmons reaction proceeded smoothly to afford the α,β-unsaturated 
ketone 4-13. Luche reduction of 4-13 followed by deprotection of acetate by treatment 
with MeONa gave the allylic alcohol 4-14 after separation of the 1:1 mixture of C15 
epimers by column chromatography. Final hydrolysis of the ester moiety in 4-14 
provided beraprost (4-4) in good yield. This route has furnished beraprost on an 
industrial scale. However, the Toray synthesis produces beraprost as a mixture of two 
diastereomers relative to the C16 position, each in racemic form. There is thus a 
challenge to synthesize optically active and the most bioactive diastereomeric form of 
beraprost in a practical manner. Notably, it is difficult to prepare beraprost from the 
Corey lactone, one of the most utilized intermediates in the synthesis of prostaglandins, 
because of the difficulty in installing the benzofuran ring system. We thus started to 
pursue an efficient synthesis of beraprost (4-4) via our asymmetric formal [3+2] 
cycloaddition reaction, as catalyzed by diphenylprolinol silyl ether. 
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4.2 Retrosynthetic Analysis 
  Our retrosynthetic manipulation of beraprost (4-4) converts it to aldehyde 4-15 
(Scheme 3). Retrosynthetic cleavage of the side chain of the aromatic ring in 4-15 
provides the bromide 4-16 as a potential precursor. Under basic conditions, 
intramolecular SNAr reaction in 4-17 would achieve formation of the benzofuran ring 
system to furnish intermediate 4-16. Diol 4-17 would be derived in three steps from 
enone 4-18 through epoxidation, reductive epoxide opening reaction, and 
diastereoselective reduction. From recent studies, enone 4-18 would be synthesized 
from nitroalcohol 4-19 via dehydration followed by oxygen-mediated Nef reaction. The 
union of succinaldehyde 4-20 and nitroalkene 4-21 would be accomplished by the 
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4.3 Formal Total Synthesis of Beraprost 
  Our synthesis commences from commercially available carboxylic acid 4-22 (Scheme 
4). Treatment of 4-22 with methyl iodide and potassium carbonate in DMF furnished 
the methyl ester 4-23. Ester 4-23 was reduced by DIBAL-H to afford alcohol 4-24. In the 
reduction of 4-22 with LAH, removal of the Br group occurred. After oxidation of alcohol 
4-24 by MnO2, Henry reaction, and dehydration by using MsCl and Et3N, the desired 
nitroalkene 4-21 was prepared in an overall yield of 93% from 4-22. It was not necessary 































Scheme 4. Preparation of nitroalkene 4-21 
 
  Having nitroalkene 4-21 in hand, construction of the cyclopentane ring system 
commenced with our asymmetric, organocatalytic formal [3+2] cycloaddition reaction 
(Scheme 5). In the presence of diphenylprolinol silyl ether, nitroalkene 4-21 was treated 
with succinaldehyde (4-20) to undergo an Michael/intramolecular Henry sequence. 
Successive addition of CH(OMe)3 and TsOH resulted in isomerization of the α-position 
of the formyl group in 4-26, and acetalization provided dimethylacetal 4-27. Treatment 
of 4-27 with Ac2O afforded the functionalized cyclopentene ring 4-26 in one-pot from 
nitroalkene 4-21. At this stage, we determined that the cis/trans ratio was 5:>95, and its 
enantiomeric excess of the cis isomer was 94%. Next, base-promoted Nef reaction with 
molecular oxygen was carried out in the presence of DABCO to furnish the 
corresponding ketone 4-18 in moderate yield. Base induced epoxidation then provided 
epoxide 4-29 as a 4:1 mixture of diastereomers. The diastereomers were separated after 
converting to the diol 4-17. Reductive epoxide opening reaction by zinc dust was 
performed under mild acidic conditions to afford the β-hydroxyl ketone 4-30, which was 
used immediately in the next reaction. Crude 4-30 was thus reduced by L-selectride to 
afford diol 4-17 in a highly diastereoselective manner.[4] 
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  Having the diol 4-17 containing four contiguous stereogenic centers secured, 
construction of the benzofuran ring system was pursued by a base-induced 
intramolecular SNAr reaction (Scheme 6). In the event, treatment of 4-17 with t-BuOK 
successfully provided the desired 4-16 in 91% yield. Installation of the side chain unit on 
the aromatic ring was next achieved in 72% yield by Suzuki-Miyaura coupling to afford 
4-31.[5] After deporotection of the acetal moiety followed by reduction, the known 
intermediate 4-32 was obtained in 80% yield. The relative and absolute configuration 






























[α]D25 = +21.4 (c 0.4, EtOH)




Scheme 6. Determination of relative and absolute configuration of intermediate 4-32 
 
  Next, we pursued the total synthesis of beraprost from the acetal 4-31 (Scheme 7). 
After treatment of p-toluenesulfonic acid in acetone-H2O media, Horner-Wadsworth- 
Emmons reaction of the newly formed aldehyde was performed to introduce the 
remaining carbon of the C12 side chain in a trans-selective manner. Diastereoselective 
1,2-reduction of C15 ketone in 4-33 by (－)-diisopinocampheyl chloroborane provided the 
allylic alcohol 4-34 in good yield.[7] Since the transformation of beraprost from 4-34 is 
known, we achieved the formal total synthesis of beraprost.[6] However, there is still the 
challenging task of controlling the stereochemistry of the C16 methyl group. We thus 
studied the synthesis of an optically active Horner-Wadsworth-Emmons agent. 





































Scheme 7. Formal total synthesis of beraprost 
 
  Our strategy to synthesize a chiral Horner-Wadsworth-Emmons reagent focused on 
the Michael reaction of nitroalkanes with α,β-unsaturated aldehydes and 
oxygen-mediated Nef reaction, both of which have been developed in our group (Scheme 
8).[8],[9] As shown in Scheme 7, the ketone moiety in 4-35 would be installed without 
α-racemization via our oxygen-mediated Nef reaction of a nitro group. The triple bond 
in nitroalkane 4-36 would be constructed by Corey-Fuchs reaction with the aldehyde 
4-37.[10] Further retrosynthetic disconnection provides nitro compound 4-38 and 
crotonaldehyde (4-39) as potential precursors. Michael reaction between 4-38 with 4-39 
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  In our synthetic strategy, we were concerned that side reactions could occur between 
the nitronate and the carbene-derived nitro-bearing intermediate of the dibromoalkene 
by the Corey-Fuchs procedure. Thus, we first carried out a model study of the 
Corey-Fuchs reaction by employing racemic dibromoalkene 4-43 (Scheme 9).  
Nitroalkane 4-40 was synthesized from 3-phenylpropanal through Henry reaction, 
dehydration, and sodium borohydride reduction. In the presence of diisobutylamine, the 
crotonaldehyde (4-41) reacted with 4-40 in MeOH to provide the Michael adduct 4-42 as 
a 1:1.5 mixture of diastereomers in good yield. Treatment of aldehyde 4-42 with CBr4 
and PPh3 gave dibromoalkene 4-43 in quantitative yield. At this point, 3.1 equiv. of 
n-BuLi was added to the solution of 4-43 to undergo a Corey-Fuchs reaction. 
Fortunately, the desired terminal alkyne 4-44 was obtained in acceptable yield. Current 
efforts include the installation of the methyl group at the terminal alkyne position and 
oxidative transformation of the nitro group to the corresponding ketone our  by 
oxygen-mediated Nef reaction. After completion of the model experiment, we will 
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4.4 Summary 
 
  In conclusion, we have developed a stereoselective formal total synthesis of beraprost 
through the asymmetric [3+2] cycloaddition reaction catalyzed by diphenylprolinol silyl 
ether and via oxygen-mediated Nef reaction under mild conditions. Intramolecular 
SNAr reaction of diol 4-17 was achieved to construct benzofuran ring system 4-16 in 
excellent yield. Now, we are investigating the synthesis of the optically active side chain 
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The Nef reaction is a useful named reaction in organic synthetic chemistry because 
nitro compounds can be converted into their corresponding carbonyl compounds.[1] First, 
I will explain the classical Nef reaction (Scheme 1). This reaction was developed by John 
Ulrich Nef in the 1890s,[2] and the reaction mechanism has been investigated in detail. 
A base (e.g. NaOH) can deprotonate the α-proton of the nitro group to generate the 
nitronate. Treatment of the nitronate with strong acids (e.g. H2SO4) causes protonation 
of the oxygen on the nitronate followed by the addition of water to give the desired 
carbonyl compound via intermediate 5-4. The typical Nef reaction proceeds under acidic 
and harsh conditions. Thus, its substrate scope is quite narrow. On the other hand, 
several modified Nef reactions have been developed. Nitro compounds can be converted 
into carbonyl substrates by oxidizing agents such as KMnO4,[3] m-chloroperoxybenzoic 
acid (mCPBA),[4] MoO5-pyridine-HMPA,[5] ceric ammonium nitrate,[6] hydrogen 
peroxide,[7] ozone,[8] singlet oxygen,[9] t-BuOOH/VO(acac)2,[10] Oxone,[11] sodium 
chlorite,[12] dimethyldioxirane,[13] tetrapropylammonium perruthenate,[14] or 
m-iodoxybenzoic acid.[15] The combination of molecular (triplet) oxygen and metal 
catalyst such as [Cu(tmeda)(NO2)2][16] and [Fe(Hdmg)2(py)2][17] can also be employed. 
These conditions are able to adopt oxygen as the main oxidant, but metal catalysts must 
be required. The reductive Nef reaction has also been developed, for instance, aqueous 
titanium trichloride,[18] vanadium chloride,[19] and chromium chloride.[20] NaOMe/silica 
gel mixtures are also known to effectively convert nitroalkanes to their corresponding 
ketones.[21] Despite a plethora of Nef reactions being known, more chemoselective and 
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  As described in chapter 3, we discovered a novel transformation of nitroalkenes to 
their corresponding enones in the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO; 
see Scheme 2).[22] In this transformation, the base promotes the isomerization of the 
double bond into the next position, and the nitro group is converted into the carbonyl 
group to generate an α, β-unsaturated ketone. Although the reaction is synthetically 
useful, the reaction mechanism was unclear to us at this time. Thus, we started to 












Scheme 2. Base promoted transformation of nitroalkene to enone 
 
  We found one paper by Ballini and coworkers who reported the base-promoted Nef 
reaction of secondary nitroalkanes (Scheme 3).[23] They performed the reaction in the 
presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) at 60 °C for 96 h. In this reaction, 
the desired ketone is generated in moderate yield after a long reaction time. The 
reaction mechanism proposed by Ballini is shown in Scheme 3. Treatment of 
nitroalkane with DBU provides nitronate 5-7, which is proposed to undergo 
intramolecular attack of oxygen atom to generate the oxaziridine derivative 5-8. After 
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5.2 Mechanistic Study 
 
  First of all, we decided to optimize our transformation in an acyclic system (Scheme 4, 
Eq. 1). We selected (E)-2-nitroundec-2-ene as a model substrate. After screening several 
bases and solvents, DABCO in MeCN was found best, giving the desired enone in 82% 
yield. As DABCO, a nucleophilic base, gave good yields in our reaction, the Michael 
addition of DABCO to the nitroalkene was proposed to proceed in a Michael fashion. 
The successive elimination of DABCO would then provide the corresponding conjugated 
nitronate. If a similar mechanism of Ballini’s Nef reaction proceeded in our reaction, a 
18O-labeled enone would be provided from an N-18O-labeled nitroalkene. We thus 





























Scheme 4. DABCO induced enone formation and proposed mechanism based on Ballini’s 
reaction 
 
We performed the reaction by employing 18O-labeled nitroalkene and DABCO in 
MeCN (Scheme 5, Eq. 2). However, no 18O-labeled product was obtained, showing that 
Ballini’s proposed mechanism is incorrect. We speculated that residual water could be 
involved in the reaction. The reaction was thus carried out in the presence of H218O, but 
contrary to our expectation, only 16O-products were formed (Scheme 5, Eq. 3). Moreover, 
no product was obtained by using degassed MeCN under a rigorous Ar atmosphere. 
Here, the allyl nitro compound was observed in 48% with 34% recovery of starting 
material. Ultimately, the reaction was performed under an 18O2 atmosphere. This gave 
the 18O-labeled enone in good yield with high incorporation of 18O (Scheme5, Eq. 5). 
Notably, the reaction under O2 completed much faster than under an Ar atmosphere.  




















18O was not detected.






48% S. M. was recovered in 34%.






Scheme 5. Investigation of the origin of the oxygen in our reaction 
 
  From these results, we propose the general reaction mechanism given in Scheme 6. 
The nitronate thus reacts with molecular oxygen to furnish the desired enone. Next, we 
we studied the mechanism of reacting nitronates with oxygen. It is known that a 
single-electron transfer (SET) is involved in the oxidation of phosphonate carbanion[24] 
with oxygen and in the chemiluminescence reaction of imidazopyrazinone[25] with 
oxygen. It makes sense that radical species are implicated in these reactions. Thus we 
decided to carry out the radical clock experiment to understand the reaction mode in our 
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  We thus decided to synthesize the nitroalkane 5-18 possessing a cis-cyclopropane 
moiety for radical clock experiments (Scheme 7). Cis-2-butene-1,4-diol 5-11 was treated 
with sodium hydride and benzyl bromide to afford mono-protected products in 56% yield. 
Cyclopropanation of alcohol 5-12 was acheived by employing diethyl zinc and 
diiodomethane in dichloromethane.[26] Treatment of the cyclopropane 5-13 with iodine, 
triphenylphosphine and imidazole gave the iodide 5-14. The iodide was converted into 
the corresponding nitroalkane via displacement with sodium nitrite. Henry reaction of 
nitroalkane 5-15 with 3-phenylpropionaldehyde proceeded smoothly in the presence of 
triethylamine to furnish the nitroalcohol 5-16 in 81% yield. After acetylation of the 
hydroxyl group in 5-16, the successive addition of potassium carbonate effected 
1,2-elimination to provide the nitroalkene 5-17 as a 2:1 mixture of diastereomers. 
Finally, reduction of nitroolefin was achieved by using sodium borohydride to provide 
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  Having the cis-cycopropylnitroalkane in hand, we conducted the radical clock 
experiments by using t-BuOK, which is one of the best agents for our Nef reaction with 
nitroalkane (Table 1). The reaction was carried out by employing 1 equiv. of t-BuOK to 
afford the corresponding ketone as a cis/trans mixture (the ratio was 76:24) although 
only the cis starting material was employed (entry 1). We speculated that residual base 
might promote the cis/trans isomerization. When we performed the reaction using 0.9 or 
0.7 equiv. of t-BuOK, the cis/trans ratio did not change compared with entry 1 (entries 2 
and 3).  
 






















[a] Reactions were carried out by employing nitroalkane (0.15 mmol), base (indicated 
equiv.), and DMF (1.5 mL) under an O2 atmosphere. [b] Yield of purified product. [c] The 
diastereomer ratio was determined by 1H NMR. The relative configuration of the 
products was identified by NOESY spectra. 
 
  To ensure no isomerism of the α-position of the ketone did not occur under the basic 
conditions, the purified cis-cyclopropyl ketone was treated with 2-nitropropane (4 
equiv.) and t-BuOK (2 equiv.). The cis/trans isomerization was not observed at all. From 
these results, α-isomerization proceeded before ketone formation and likely occured 
during the oxidative Nef reaction to give the trans-cyclopropane product. The radical 
clock is very sensitive and discriminates between ionic reactions and radical reactions. 
The radical opening of the cyclopropane ring is known to be very fast, although values 
vary depending on substitution groups and patterns.[27] This process of cyclopropane 
opening can be reversible when the cyclopropylmethyl radical intermediate is stabilized 
by neighboring functional groups. This reversibility has been observed in the 
single-electron transfer reductions of cyclopropylphenylketone[28] and 
cyclopropylbenzoquinone.[29] Some groups have also utilized the cis/trans isomerization 
of the disubstituted cyclopropane to identify radical species.[30] Our present result in the 
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no reaction  
Scheme 8. Confirmation of epimerization in the presence of nitronate 
 
Our first proposed reaction mechanism for the oxidation step is described in scheme 9. 
The nitroalkane would convert into the corresponding nitronate by treatment of the 
base. Next, single-electron transfer from an electron-rich nitronate to molecular oxygen 
would occur to generate the radical species followed by union of the radical 
intermediates. In the case of cis-cyclopropyl nitroalkane, the cis/trans isomerization 
would proceed via an ring opening/closing process at this stage (Scheme 10). After 
formation of the hydroperoxide ion intermediate by coupling of the mono-radical species, 
the oxygen anion would attack nitrogen in an intramolecular fashion to give a 
4-membered ring intermediate. Finally, expelling nitrate ion would afford the desired 
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  Following Scheme 11, the Nef reaction of nitroalkane was performed. Surprisingly, we 
obtained the nitrite ion as the major product by ion chromatography.[31] Nitrate ions 
were afforded in only 2.7% yield. From this result, we revised our reaction mechanism. 









Scheme 11. Detection of nitrate and nitrite ion by ion chromatography 
 
The newly proposed mechanism is shown in Scheme 12. After generation of the 
hydroperoxide ion intermediate, oxygen anion would attack the α-position of the nitro 
group to form a 1,1-dioxirane derivative by expelling a nitrite ion. As the 1,1-dioxirane 
derivative can act as an oxidant, the bimolecular reaction with another nitronate and 



































Scheme 12. Revision of mechanism of Nef reaction with oxygen 
 
We propose 1,1-dioxiranes as reactive intermediates in this mechanism and also 
suggest a bimolecular reaction between a nitronate and a 1,1-dioxirane species. It is 
known that dimethyldioxirane can react with nitronates to provide the corresponding 
carbonyl compounds.[13] We were, however, unable to identify the involvement of 
putative 1,1-dioxirane intermediates by kinetic studies due to the rapid reaction rate of 
the bimolecular reaction of the dioxirane derivative with nitronate ions at various 
concentrations. To expand on this statment, our Nef reaction is composed of two phases: 
first the reaction of nitronate with oxygen and, second, the reaction of the dioxirane 
intermediate with nitronate. If we use a solvent saturated with oxygen, the first 
reaction rate becomes constant. We thus performed a kinetic study by varying the 
concentration of the nitronate in oxygen-saturated DMF in order to identify the 
bimolecular reaction between nitronate and dioxirane. 
2-Nitro-5-phenylpentane was selected as a model substrate (Scheme 13). The 
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nitroalkane was treated with t-BuOK under Ar atmosphere to generate the 
corresponding nitronate quantitatively. After formation of the nitronate, we added DMF 
saturated with oxygen to the reaction vessel. Surprisingly the reaction completed 
within 20 minutes, although it took 2 hours to finish the Nef reaction when the Ar 
balloon was changed to O2 balloon. This observation suggests that the reaction of 
nitronate with oxygen is rather fast and the absorption of oxygen to organic solvents is 
relatively slow. Moreover, the reaction in dilute conditions (0.0001 M) completed within 
20 minutes. We thus gauged that the reaction with 2-nitro-5-phenylpentane was not 
















DMF sat. with O2
: 2 h
: 20 min  
Scheme 13. Attempted kinetic study of the Nef reaction with oxygen 
 
  We next believed that there was a possibility to trap the putative 1,1-dioxirane 
intermediate by reductants or nuculeophiles. It is known that the oxidation of 
thioanisole by 1,1-dioxirane is very fast and provides methyl phenyl sulfoxide in 
excellent yield.[32] The Nef reaction of nitroalkene with oxygen by employing DBU was 
carried out in the presence of the 1 equiv. of thioanisole (Scheme 14). The desired methyl 
phenyl sulfoxide was not obtained at all, although the ketone product was furnished in 






















- 53 - 
  We thus designed a molecule which possessed both a nitro group and a sulfide group 
to possibly trap diaoxirane intermediates. In other words, we expected to distinguish 
the intermolecular reaction of nitronate with 1,1-dioxirane from an intramolecular 
trapping reaction. The synthesis of 5-decylthio-2-nitro-3-phenylpentane 5-22 is shown 
in scheme 15. Michael reaction of cinnamaldehyde (5-19) with nitroethane catalyzed by 
diisobutylamine gave the Michael adduct. Sodium borohydride reduction of the Michael 
product afforded the corresponding alcohol 5-20 in good yield. Iodide 5-21 was next 
obtained in 72% yield by treatment of alcohol 5-20 with iodine, triphenylphosphine, and 
imidazole. Finally, the iodide 5-21 was converted into the δ-nitrosulfide 5-22 by 
































Scheme 15. Preparation of 5-decylthio-2-nitro-3-phenylpentane 
 
Having the δ-nitrosulfide in hand, the Nef reaction was performed (Table 2). Initially 
under normal concentrations, the desired sulfoxide ketone 5-24 was not observed in 
spite of the intramolecular trapping system (entry 1). Turning to dilute conditions 
(0.005 M concentration), however, we observed the sulfoxide ketone 5-24 even though 
the yield was 8% (entry 2). When the reaction was carried out at -40 °C, the yield 
increased to 16 % (entry 3). Notably, the nitroalkane bearing an oxidized sulfoxide 
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Table 2. Intramolecular trapping putative 1,1-dioxirane intermediate in the Nef 

















Concentration (X M) Temp. / oC Yield 5-23 / %[d] Yield 5-24 / %[d]
0.25 23 82 <5
0.005 23 71 8







[a] Reaction was performed by employing δ-nitrosulfide (0.10 mmol), t-BuOK (0.15 
mmol) in MeCN (0.4 mL) at room temperature. [b] Reaction was performed by 
employing δ-nitrosulfide (0.10 mmol), t-BuOK (0.15 mmol) in MeCN (20 mL) at room 
temperature. [c] Reactions are performed by employing δ-nitrosulfide (0.10 mmol), 
t-BuOK (0.15 mmol) in MeCN (20 mL) at -40 C [d] Yield of purified product. 
 
We also conducted some control experiments (Scheme 16). Treatment of the starting 
material with oxygen in MeCN lead to no sulfur oxidation (Eq. 6). The sulfide ketone 
could not be converted into the corresponding the sulfoxide ketone under our Nef 
condition (Eq. 7). These results indicated that the sulfide moiety bercame oxidized in an 
intramolecular fashion, thereby supporting involvement of a 1,1-dioxirane intermediate 
in the Nef reaction with molecular oxygen. Moreover, the yield of the sulfoxide ketone 
increased under high dilute conditions at low temperature. These data suggest that the 
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  The mechanism to form the sulfoxide ketone is described in Scheme 17. After 
generating the putative 1,1-dioxirane derivative, the intramolecular attack of sulfide 
onto dioxirane moiety would generate the sulfoxide. The intermolecular reaction 
between dioxirane and nitronate is presumably very fast. It was thus key to perform the 




























Scheme 17. Proposed mechanism of intramolecular trapping putative 1,1-dioxirane 
intermediate 
 
  In summary, the proposed mechanism of the base-promoted Nef reaction with 
molecular oxygen is given Scheme 18. Two equiv. of nitro compounds are converted to 
the corresponding nitronates by base. One equiv. of nitronate can react with molecular 
oxygen to generate the 1,1-dioxirane. Eventually, another equiv. of nitronate would 


























- 56 - 
5.3 Generality 
 
  Next, we optimized the Nef reaction in more detail. In table 3, the effect of base and 
solvent is shown. When the strong base t-BuOK was used, the desired enone was 
obtained in low yield (entry 1). Both DABCO and Et3N in N,N-dimetylformamide (DMF) 
afforded the product in moderate yield, but the reaction was quite slow (entries 2, 4). 
DBU in DMF gave acceptable results in this reaction (entry 3). In the reaction 
conditions between entry 7 to entry 10, the reaction did not complete and starting 
material remained. K2CO3 and Cs2CO3 in DMF were also effective in this 
transformation (entries 5, 6). DABCO in MeCN was determined to be the most suitable 
for the Nef reaction of nitroalkenes (entry 11). 
 























































[a] Unless noted otherwise, reactions were performed by employing 
(E)-2-nitroundec-2-ene (0.30 mmol), base (0.36 mmol), solvent (3 mL), under O2 at room 
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  Having optimum conditions, the generality of this oxidative transformation was 
investigated (Table 4). In entry 1, the methyl ketone was formed in 82% yield. Similarly, 
the ethyl ketone was formed in good yield (entry 2). Substrates including base-sensitive 
functional groups were found compatible (entries 3 and 8). This shows that the reaction 
conditions are mild. The reaction can also be applied to substrates bearing acid-labile 
protecting groups such as tert-buthyldimethylsily ester (TBS) and tetrahydropyran 
(THP) groups (entries 5 and 6). Notable, such substrates can not be used in the classical 
Nef reaction, which is performed by under strong acid conditions. Cyclic nitroalkenes 
were also available in our Nef reaction (entries 7 and 8).  
 
Table 4. Generality of Nef reaction of nitroalkene 
R NO2
DABCO, O2

















































Entry starting material product Time / h Yield /%[b]
 
[a] Reactions were performed by employing nitroalkene (0.30 mmol), DABCO (0.36 
mmol), MeCN (3 mL), under O2 at room temperature. [b]Yield of the purified product. 
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  It should be noted that the allylic nitro substrates can be prepared readily via Henry 
reaction catalyzed by N,N-dimethylethylenediamine[33] followed by dehydration. The 
base-promoted Nef reaction with oxygen silmilarly delivers the corresponding 













81% 62%  
Scheme 19. Synthesis of cyclohexyl methyl ketone in 2 steps 
 
The generality of this mild oxidative protocol is shown in Table 5. Not only cyclohexyl 
ketone derivatives but also cycloheptenyl and cyclooctenyl methyl ketones can be 
prepared in high yield. Moreover, synthetically useful cycloalkenyl ketones can be 
formed concisely from commercially available cyclic ketones in just two steps. 
 



































Entry Starting material Product Time / h Yield /%[b]
n n
 
[a] Reactions were performed by employing allyl nitroalkane (0.30 mmol), t-BuOK (0.36 
mmol), DMF (3 mL), under O2 at room temperature. [b] Yield of the purified product. 
 
- 59 - 
The next objective was to achieve a one-pot synthesis of enones in an efficient and 
practical way. Indeed, pot-economy[22][34] in the syntheses of molecules is important in 
achieving efficient protocols with minimal chemical waste. Both efficient and 
environmently benign protocols are required in the production of chemicals today. 
Nitroalkenes, the starting material of our Nef reaction, can be synthesized readily from 
their corresponding aldehydes via Henry reaction followed by dehydration. There is 
thus a possibility to establish a concise synthesis of enones from aldehydes in a one-pot 
set of operations. 
 
First of all, solvent screening was carried out in the preparation of nitroalkene 5-24 
from nonanal (Table 6). In the first Henry reation, most solvents afforded the product in 
high yield. However, the next acetylation and elimination did not complete in the case of 
CH2Cl2 and Et2O (Entries 1 and 2). As the unreacted acetyl product was recovered, the 
elimination step was considered to be slow in both solvents. t-BuOH was eventually 
found suitable all reaction types and furnished the nitroalkene in 89% yield (Entry 3). 
In DMF, the reaction became messy and the desired product was not obtained (Entry 4). 
 
Table 6. Effect of solvents on Henry reaction, acetylation, and elimination[a] 

















1 CH2Cl2 12 89 2 2 35
2 Et2O 36 90 0.5 18 49
3 t-BuOH 14 93 2 2 89
4 DMF 24 90 2 12 decomposed
 
[a] Unless stated otherwise, Henry reaction was performed by employing aldehyde (0.30 
mmol), Et3N (0.45 mmol), and EtNO2 (0.45 mmol) in solvent (0.30 mL) for indicated 
time. Acetylation reaction was carried out by using nitroalcohol (0.30 mmol), Ac2O (0.33 
mmol) and DMAP (0.03 mmol) in solvent (0.4 mL) for indicated time. After complication 
of acetylation, K2CO3 (0.36 mmol) was added to the reaction mixture and stirred for 
indicated time. [b] Yield of the purified product. 
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  We attempted to synthesize nitroalkene 5-27 in one-pot from aldehyde 5-25 (Scheme 
20). The addition of Et2O was found to be important to complete the acetylation step. 
Without Et2O, the acetylation was slow and partial decomposition of the nitroalcohol 
5-26 was observed. In t-BuOH/Et2O media, both acetylation and elimination proceeded 



















82% (3 steps)  
Scheme 20. One-pot synthesis of nitroalkene from aldehyde 
 
  Finally, all steps were connected from aldehyde 5-25 to enone 5-28 in a one-pot 
sequence (Scheme 21). The nitroalkene was obtained successfully in the optimized 
conditions, and the Nef reaction with oxygen was carried out by changing the argon 
balloon to an oxygen balloon. However, the Nef reaction did not proceed in t-BuOH/Et2O 
media. After the addition of DMF as a solvent, the reaction was accelerated 
























Scheme 21. One-pot synthesis of enone from aldehyde 
 
The generality of this one-pot protocol is shown in Table 7. Acid-sensitive THP 
tolerates these reaction conditions (entry 2). Enones containing imido and terminal 









- 61 - 


























































































[a] Reactions were performed with aldehyde (0.30 mmol). See the experimental section 
for the detailed procedure. [b]Yield of the purified product. 
 
There are many synthetic methods to prepare enones from aldehydes, such as Wittig 
reaction, Horner-Wadsworth-Emmons reaction, and aldol condensation (Eq. 8). On the 
other hand, our reaction can construct the double bond between the α-carbon of 
aldehyde and formyl carbon of the parent aldehyde (Eq. 9). It is a rare transformation 
and traditional reactions are difficult to achieve the same transformation. The nitronate 
thus acts as an equivalent of the acyl anion in this one-pot operation. 
 


























Scheme 22. The methods to synthesize enones from aldehydes 
 
  Nitroalkanes also can be converted into ketones with our reaction conditions. We 
optimized the condition by using 2-nitro-5-phenylpentane as a model substrate (Table 8). 
The reaction was very slow with Et3N and starting material was recovered in 80% yield 
(entry 1). DABCO and K2CO3 were not suitable bases in the reaction of nitroalkanes, 
although these bases gave good results in the case of nitroalkenes (entries 2 and 3). 
DBU in MeCN or DMF provided the desired ketone in reasonable yield (entries 4 and 5). 
THF and toluene were not adequate solvents with the use of DBU. It was possible to 
reduce the amount of DBU from 2 equiv. to 1.2 equiv. and the yield was still high 
(entries 8 and 9). The reaction also proceeded under air, providing the target molecule in 
excellent yield, even though the reaction was slower. The reaction with t-BuOK was 
realtively faster than DBU (due to it being a stronger base) and the nitronate was 
generated immediately. Surprisingly, when the reaction was carried out by using a DMF 
solution of saturated with O2, completion of the reaction was observed within 20 
minutes and the product was obtained in 85% yield (entry 13). This result indicates that 
the reaction of the nitronate with molecular oxygen is fast, and the absorption of 
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[a] Unless noted otherwise, reactions were performed by employing 
2-nitro-5-phenylpentane (0.30 mmol), base (0.60 mmol), solvent (3 mL), under O2 at 
room temperature. [b]Yield of the purified product. [c] DBU (0.36 mmol) was employed. 
[d] The reaction was carried out under air atmosphere. [e] The reaction was performed 
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  The generality of our Nef reaction of nitroalkanes is shown in Table 9. We performed 
the reaction under two conditions. Condition A: DBU was employed in DMF, which was 
not presaturated with O2. Condition B: t-BuOK was used in DMF saturated with O2. 
Both conditions provided the products in high yield. The reaction of nitroalkanes 
including acid-sensitive protective groups proceeded smoothly to furnish the 
corresponding ketones in good yields (entries 2, 3, and 6). Although double bonds can be 
unstable under the oxidative Nef reaction when using strong oxidants, the nitroalkane 
possessing terminal double bonds gave products in high yield under our conditions 
(entry 5). When we used a β-branched chiral nitroalkane, which possesses a phenyl 
group at the β-position, racemization of the product occurred under condition A, but not 
for condition B (enantiomeric excess of product did not decrease). In condition A, DBU 
can not completely deprotonate all the  α-positions of all nitro groups and racemization 
likely proceeds with residual DBU. In condition B, t-BuOK can deprotonate the 
α-position completely to generate the nitronate and t-BuOK does not remain. The 
basicity of the nitronate is too weak to racemize the product. Thus, racemization does 
not occur in condition B. A nitrobenzyl substrate was also applied in the reaction to 
provide the acetophenone derivative in good yield (entry 7). The reaction also completed 
within 5 minutes at -60 °C. The reactivity was rather higher than other substrates. 
Here, the phenyl group can stabilize the radical species in a benzylic fashion and the 
reaction proceeded smoothly. An ester and ketone moieties do not suppress the reaction 
and the desired products were obtained in excellent yields (entry 8 and 9). Notably, 
intramolecular aldol-type reactions do not occur, although the products are 
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Table 9. Generality of Nef reaction of nitroalkane with oxygen 
t-BuOK, O2





































































































Condition A Condition B
 
[a] Reactions were performed by employing nitroalkane (0.3 mmol), DBU (0.36 mmol) or 
t-BuOK (0.36 mmol) and DMF (3 mL) under O2 atmosphere at room temperature. [b] 
Condition A: DBU and balloon with oxygen were used. Condition B: t-BuOK and DMF 
saturated with oxygen were employed under O2 atmosphere. [c] Yield of purified 
product. [d] Reaction was carried out by using nitroalkane (0.30 mmol), base (DBU or 
t-BuOK) (0.28 mmol), DMF (3.0 mL) at room temperature. [e] The enantiomer ratios of 
starting material and product were 96.3:3.5 and 54:46, respectively. [f] The enantiomer 
ratios of staring material and product were 96.5:3.5 and 96:4, respectively. 
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  Next, it is important to consider the unreactive nitroalkane substrates in our Nef 
reaction (Scheme 23). Primary nitroalkanes could not be converted into the 
corresponding aldehyde (Eq. 10). Presumably, this is due to the HOMO level of 
nitronate beeing too low undergo single-electron transfer to dioxygen by lacking one 
alkyl group. In the case of α-ethoxycarbonyl nitroalkane, the reaction also did not 
proceed and starting material was completely recovered (Eq. 11). This again suggests 
that nitronates possessing electron-deficient groups to be unable of single-electron 
transfer to O2. Similarly, the reaction of β-alkoxy nitroalkane gave almost no reaction 
(Eq. 12). The σ-inductive effect by oxygen likely prevents the single-electron transfer by 
similarly decreasing the HOMO level of the nitronate. These results indicate that the 
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5.4 Summary 
 
We have developed a base-promoted Nef reaction with molecular oxygen as an 
oxidant. The reaction proceeds under mildly basic conditions to provide carbonyl 
products in good yield. Various nitroalkenes and nitroalkanes can be converted into the 
corresponding enones and ketones. Not only acid- and base-labile protecting groups but 
also substrates that are not stable under reported oxidative Nef conditions can be 
tolerated. We further achieved the one-pot synthesis of enones from their corresponding 
aldehydes in 4 steps. Evaporation was not needed and the products were easily obtained 
by the addition of the reagents just successively. Molecular oxygen is environmentally 
benign and metal additives were not required. The reaction likely proceeds through a 
single-electron transfer (SET) to generate a dioxirane intermediate. The mechanism is 
supported by 18O-labeling experiments, nitrite ion analysis, radical clock experiments, 
and intramolecular thiol trapping experiments. Thus the base-promoted, 
oxygen-mediated Nef reaction generates 2 equiv of nitronate, whereby 1 equiv. reacts 
with molecular oxygen via SET to generate 1,1-dioxirane that reacts with the other 1 
equiv. of nitronate rapidly to provide 2 equiv. of the desired carbonyl compounds. The 
mild conversion of nitro compounds into carbonyl compounds is useful method to 
provide highly functional carbonyl substrates. The present reaction is a synthetic 
alternative to Wittig-type reactions, but importantly accomplishes one-carbon conjugate 
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Chapter 6. Conclusion 
 
In this dissertation, an effective method has been established that construct chiral 
cyclopentane derivatives via formal [3+2] cycloaddition reaction catalyzed by 
diphenylprolinol silyl ether. In addition, three “one-pot” synthesis of prostaglandin E1 
methyl ester has been accomplished by using formal [3+2] cycloaddition methodology. 
 
  In chapter 2, formal [3+2] cycloadditon via domino Michael/intramolecular Henry 
reaction was developed. Treatment of nitroalkene 6-2 with succinaldehyde (6-1) followed 
by sodiumborohydride reduction gave an optical active cyclopentane 6-3 in good yield 
and excellent enantioselectivity. Diol 6-3 can be converted into the corresponding 

























up to 99% ee
up to cis / t rans = >95 : 5
6-1 6-2 6-3 6-4
 
 
In chapter 3, the enantioselective and concise total synthesis of PGE1 methyl ester 
was achieved without toxic heavy metal reagents. It is noteworthy that inexpensive and 
simple starting materials are only used. The chiral cyclopentane ring is constructed via 
the formal [3+2] cycloaddition reaction developed in chapter 2. In this synthesis, a novel 
transformation was discovered that converted nitroalkene into enone under the mild 
basic condition. In addition, the protection of hydroxyl group at C15 is not necessary. It 
contributes to cut off the total steps and avoid the deprotection problem at late stage. 
From these synthetically features, present synthesis is not only efficient and 
environmentally benign to provide prostaglandin derivatives. 
























































In chapter 4, the diastereo- and enantio-selective formal total synthesis of beraprost 
was achieved through the formal [3+2] cycloaddtion reaction catalyzed by 
diphenylprolinol silyl ether and oxygen-mediated Nef reaction. Intramolecular SNAr 
reaction was successfully achieved to construct benzofuran framework 6-13 in excellent 
yield. Now, the synthesis of the optical active side chain is under construction by using 



































































In chapter 5, a base-promoted Nef reaction with molecular oxygen as an oxidant was 
developed. Various nitroalkenes and nitroalkanes can be converted into the 
corresponding enones and ketones under mild condition. Not only acid- and base-labile 
protecting groups but also substrates which are not stable under oxidative Nef 
conditions can be tolerated. Molecular oxygen is environmentally benign and metal 
additives are not required. The reaction proceeds through a single-electron transfer 
followed by the generation of a dioxirane intermediate. The mechanism is supported by 
the radical clock experiment, the analysis of nitrite ion, and the intramolecular thiol 
trap experiment. The mild conversion of nitro compounds into carbonyl compounds is an 

































6-20 6-21 6-22 6-23  
 
These methodologies and synthetic studies of prostaglandins are expected to 
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Experimental Section 
 
Materials and Methods 
General Remarks: All reactions were carried out under argon atmosphere and 
monitored by thin-layer chromatography using Merck 60 F254 precoated silica gel 
plates (0.25 mm thickness). Specific optical rotations were measured using a JASCO 
P-1020 polarimeter. FT-IR spectra were recorded on a JASCO FT/IR-410 spectrometer. 
1H and 13C NMR spectra were recorded on a Brucker AM-400 (400 MHz for 1H NMR, 
100 MHz for 13C NMR) instrument. Data for 1H NMR are reported as chemical shift (δ 
ppm), multiplicity (s = singlet, d = doublet, t = triplet, dd = doubledoublet, ddd = 
doubledoubledoublet, dt = doubletriplet, m = multiplet, br = broad), coupling constant 
(Hz), integration. Data for 13C NMR are reported as chemical shift. High-resolution 
mass spectral analyses (HRMS) were carried out using Bruker ESI-TOF MS. 
Preparative thin layer chromatography was performed using Wakogel B-5F purchased 
from Wako Pure Chemical Industries, Tokyo, Japan. Flash chromatography was 
performed using silica gel 60N of Kanto Chemical Co. Int., Tokyo, Japan. HPLC 
analysis was performed on a HITACHI Elite LaChrom Series HPLC, UV detection 
monitored at appropriate wavelength respectively, using CHIRALCEL OD-H  (0.46 cm 
× 25 cm), CHIRALCEL OJ-H  (0.46 cm × 25 cm), CHIRALCEL OB-H (0.46 cm × 25 cm), 
CHIRALPAK IC (0.46 cm × 25 cm), CHIRALPAK IB (0.46 cm × 25 cm), CHIRALPAK IA 





















Preparation of (3S,4R)-4-(hydroxymethyl)-2-nitro-3-phenylcyclopentanol 
(S)-2-Diphenyltrimethylsiloxymethylpyrrolidine (13.3 mg, 0.041 mmol) was added to a 
mixture of 1-phenyl-2-nitroethylene (40.3 mg, 0.41 mmol) and bisaldehyde (53.4 mg, 
0.62 mmol) and p-nitrophenol (5.7 mg, 0.041 mmol) in CH2Cl2 (0.41 mL) at room 
temperature. After 3 h of stirring, the mixture was cooled to -0 °C, the reaction mixture 
was added MeOH (0.82 mL) and treated with NaBH4 (46.5 mg, 1.23 mmol). The reaction 
mixture was stirred for 10 min at this temperature, the reaction mixture was quenched 
by addition of 1 N hydrochloric acid for 3 min. Organic materials were extracted with 
CHCl3 three times. The combined organic extracts were washed with brine, dried over 
anhydrous MgSO4 and concentrated in vacuo after filtration. Purification by neutral 
silica gel column chromatography (hexane : AcOEt = 3 : 1 to 1 : 1) gave 
(3S,4R)-4-(hydroxymethyl)-2-nitro-3-phenylcyclopentanol (69.1 mg, 0. 29 mmol) in 72% 








a mixture of 4 isomer 
1H NMR (CDCl3) δ 1.80-2.00 (1.29H, m), 2.00-2.10 (1H, m), 2.16-2.29 (0.71H, m), 
2.35-2.58 (1.25H, m), 3.38-3.57 (1.5H, m), 3.58-3.75 (1.5H, m), 3.99 (0. 26H, dd, J = 8.0, 
10.8 Hz), 4.62-4.70 (0.29H, m), 4.76 (0.71H, dd, J = 5.6, 11.2 Hz), 4.87 (0.68H, dd, J = 5.6, 
9.6 Hz), 4.93 (0.26H, dd, J = 4.8, 10.8 Hz), 5.01-5.07 (0.05H, m) 7.21-7.40 (5H, m); 13C 
NMR (CDCl3) δ 35.2, 45.9, 50.8, 63.2, 76.6, 98.8, 127.6 (2C), 127.8, 129.0 (2C), 129.1; IR 
(neat) ν 3363, 3031, 2938, 2884, 1550, 1450, 1373, 1095, 1041, 755, 701 cm−1; HRMS 
(ESI): [M+Na]+ calculated for C12H15NO4Na: 260.0893, found: 260.0904 
Rf = 0.39 (AcOEt : hexane = 2 : 1) 
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a mixture of 4 isomer 
1H NMR (CDCl3) δ 1.83-1.91 (0.17H, m), 1.96 (0.32H, d, J = 13.6 Hz), 2.04-2.14 (0.46H, 
m), 2.17-2.24 (0.2H, m), 2.26 (0.44H, dt, J = 8.0, 15.6 Hz), 2.36-2.60 (1.32H, m), 2.66 
(0.09H, dt, J = 8.4, 14.4 Hz), 3.68 (0.54H, dd, J = 3.6, 10.8 Hz), 3.71 (0.71H, d, J = 2.8 Hz), 
3.72-3.82 (0.45H, m), 3.90-4.04 (0.4H, m), 4.66-4.74 (0.4H, m), 4.75-4.81 (0.6H, m), 4.81 
(0.45H, dd, J = 5.2, 9.2 Hz), 4.89 (0.4H, dd, J = 4.4, 10.8 Hz), 5.01-5.07 (0.05H, m), 5.36 
(0.1H, dd, J = 4.4, 10.8 Hz), 7.10 (0.23H, dd, J = 3.2, 8.4 Hz), 7.17 (1.61H, dd, J = 3.0, 8.4 
Hz), 7.22 (0.19H, d, J = 8.4 Hz), 7.49 (1.97H, d, J = 8.4 Hz) ; 13C NMR (CDCl3) δ 35.1, 
45.7, 50.1, 62.9, 75.6, 98.5, 129.5 (3C), 132.2 (3C); IR (neat) ν 3370, 2938, 2877, 1643, 
1511, 1072, 1010, 910, 817, 732 cm−1; HRMS (ESI): [M+Na]+ calculated for 
C12H14NBrO4Na: 338.0004, found: 338.0016 









a mixture of 4 isomer 
1H NMR (CDCl3) δ 1.89-1.97 (0.42H, m), 1.99-2.10 (0.80H, m) 2.24 (0.65H, dt, J = 8.0, 
14.0 Hz) 2.36-2.44 (0.33H, m), 2.44-2.56 (0.80H, m)3.41-3.48 (0.66H, m)3.48-3.56 (0.8H, 
m) 3.64 (0.7H, dd, J = 4.4, 10.8 Hz), 3.67-3.70 (0.49H, m), 3.77 (3H, s), 3.93 (0.35H, t, J = 
7.6 Hz) 4.63-4.69 (0.28H. m) 4.71-4.78 (0.72H, m), 4.81 (0.66H, dd, J = 5.6, 9.6 Hz), 4.87 
(0.25H, dd, J = 4.8, 10.8 Hz), 5.31 (0.09H, dd, J = 4.4, 10.4 Hz), 6.86 (2H, d, J = 8.8 Hz), 
7.14-7.22 (2H, m); 13C NMR (CDCl3) δ 35.1, 45.7, 50.3, 63.3, 75.6, 99.0, 114.4 (2C), 128.8, 
129.0 (2C), 129.1; IR (neat) ν 3370, 2938, 2838, 1612, 1550, 1457, 1373, 1249, 1180, 1095, 
1033, 910, 833, 732 cm−1; HRMS (ESI): [M+Na]+ calculated for C13H17NO5Na: 290.0999, 
found: 290.0995 








a mixture of 4 isomer 
1H NMR (CDCl3) δ  1.81-2.05 (0.72H, m), 2.05-2.20 (0.48H, m), 2.20-2.37 (0.40H, m), 
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2.38-2.59 (0.72H, m), 2.59-2.72 (0.67H, m), 3.29-3.49 (0.46H, m), 3.51-3.59 (0.32H, m), 
3.59-3.83 (1.38H, m), 3.89-4.04 (0.19H, m), 4.04-4.25 (0.65H, m), 4.70 (0.5H, bs), 4.79 
(0.5H, m), 4.97 (0.39H, dd, J = 6.0, 10.0 Hz), 5.03 (0.43H, dd, J = 4.8, 10.8 Hz), 5.52 
(0.18H, dd, J = 4.8, 10.8 Hz), 7.31-7.41 (0.92H, m), 7.41-7.59 (2.13H, m), 7.62-7.96 
(3.95H, m) ; 13C NMR (CDCl3) δ 35.3, 45.3, 52.2, 63.2, 75.7, 98.8, 124.8, 125.0, 126.0 (2C), 
127.0, 127.6 (2C), 129.1, 132.8, 136.0 ; IR (neat) ν 3363, 3054, 2931, 2877, 1712, 1550, 
1442, 1373, 1265, 1095, 1041, 817, 748, 478 cm−1; HRMS (ESI): [M+Na]+ calculated for 
C16H17NO4Na: 310.1055, found: 310.1067 









a mixture of 4 isomer 
1H NMR (CDCl3) δ 1.91 (0.28H, ddd, J = 2.0, 3.6, 14.8 Hz), 1.96-2.08 (0.72H, m), 
2.16-2.29 (0.72H, m), 2.40-2.48 (0.26H, m), 2.41 (0.28H, ddd, J = 4.8, 10.8, 14.8 Hz), 
2.53-2.75 (1H, m), 3.64 (0.71H, dd, J = 5.2, 10.8 Hz),3.68-3.82 (1.94H, m) 4.05 (0.07H, t, 
J = 8.8 Hz), 4.14 (0.28H, dd, J = 8.4, 10.4 Hz), 4.64 (0.28H, dt, J = 1.6, 4.4 Hz), 4.66-4.71 
(0.07H, m) 4.74 (0.65H, dd, J = 6.4, 12.8 Hz), 4.94 (0.58H, dd, J = 6.4, 10.0 Hz), 5.01 
(0.28H, dd, J = 4.4, 11.2 Hz), 5.06 (0.07H, dd, J = 3.2, 7.6 Hz), 5.20 (0.07H, dd, J = 4.8, 
9.6 Hz), 6.15-6.24 (1H, m)6.28-6.33 (0. 88 H, m), 6.33-6.37 (0.12 H, m), 7.30-7.44 (1H, 
m) ; 13C NMR (CDCl3) δ 34.6, 42.5, 43.5, 63.5, 76.6, 95.8, 107.2, 110.5, 142.4, 151.7; IR 
(neat) ν 3741, 2938, 2877, 1643, 1511, 1342, 1249, 1180, 1072, 1010, 856, 740 cm−1; 
HRMS (ESI): [M+Na]+ calculated for C10H13NO5Na: 250.0691, found: 250.0687 









a mixture of 4 isomer 
1H NMR (CDCl3) δ  1.71-1.85 (0.75H, m), 1.86-1.98 (1.9H, m), 2.00-2.18 (1.45H, m), 
2.18-2.28 (1H, m), 2.34-2.47 (0.65H, m), 2.55-2.72 (2H, m), 2.90 (0.25 H, dt, J = 9,2, 16.0 
Hz), 3.60 (0.59H, dd, J = 5.6, 10.4 Hz), 3.65-3.71 (0.72H, m), 3.74 (0.69H, d, J = 3.2 Hz), 
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4.45-4.59 (1.38H, m), 4.68 (0.62H, dd, J = 6.4, 12.8 Hz) , 7.10-7.22 (3.3 H, m), 7.27-7.33 
(1.7 H, m) ; 13C NMR (CDCl3) δ 33.1, 34.9, 35.1, 43.1, 44.4, 64.9, 75.9, 97.8, 127.6 (2C), 
128.1, 128.5 (2C), 141.1 ; IR (neat) ν 3363, 3031, 2931, 2877, 1550, 1450, 1373, 1110, 
1041, 910, 748, 701 cm−1; HRMS (ESI): [M+Na]+ calculated for C14H19NO4Na: 288.1206, 
found: 288.1200 









a mixture of 4 isomer 
1H NMR (CDCl3) δ 1.05 (21H, s) 1.60-2.10 (4H, m), 2.12-2.28 (1.06H, m), 2.28-2.41 
(1.00H, m), 2.42--2.53 (0.60H, m), 2.60 (0.54H, dddd, J = 7.2, 7.2, 7.2, 7.2 Hz), 2.64-2.74 
(0.26H, m), 2.74-2.88 (0.26H, m), 2.99 (0.28H, dddd, J = 7.2, 7.2, 7.2, 7.2 Hz), 3.55-3.89 
(4H, m), 4.45-4.67 (1.84H, m), 4.72 (0.16H, dd, J = 5.6, 10.0 Hz); 13C NMR (CDCl3) δ 11.8 
(3C), 17.9 (6C), 34.8, 36.1, 42.5, 42.9, 61.3, 65.6, 75.4, 97.7 ; IR (neat) ν 3354, 2942, 2866, 
1548, 1463, 1103, 883, 735 cm−1; HRMS (ESI): [M+Na]+ calculated for C17H35NNaO5Si: 
384.2182, found: 384.2177 









a mixture of 4 isomer 
1H NMR (CDCl3)δ 1.43 (4.18H, s), 1.45 (2.72H, s), 1.46 (2.1H, s), 1.69-1.87 (0.7H, m), 
1.88-2.07 (0.98H, m), 2.26 (0.45H, ddd, J = 4.8, 11.2, 15.2 Hz), 2.33-2.57 (1.08H, m), 
2.61-2.71 (0.41H, m), 2.77-2.90 (0.4H, m), 3.28 (0.28H, t, J = 8.8 Hz), 3.47-3.63 (0.92H, 
m), 3.63-3.74 (1.08H, m), 3.74-3.86 (0.72H, m), 4.48-4.57 (0.56H, m), 4.58 (0.22H, dd, J = 
7.2, 14.0 Hz), 4.74 (0.22H, bs), 4.94 (0.22H, dd, J = 6.4, 8.8 Hz), 5.01 (0.27H, dd, J = 4.4, 
10.4 Hz), 5.14 (0.33H, dd, J = 4.8, 9.2 Hz), 5.19 (0.18H, dd, J = 4.8, 10.4 Hz) ; 13C NMR 
(CDCl3) δ 27.7, 35.3, 41.0, 50.6, 63.9, 72.5, 82.9, 94.7, 170.2 ; IR (neat) ν 3417, 2977, 2884, 
1550, 1457, 1373, 1249, 1157, 1049, 840, 732 cm−1; HRMS (ESI): [M+Na]+ calculated for 
C11H19NO6Na: 284.1110, found: 284.1103 
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a mixture of 4 isomer 
δ  0.91-1.08 (1.88H, m), 1.08-1.30 (2.98H, m), 1.31-1.52 (1.1H, m), 1.54-1.79 (5.42H, m), 
1.80-1.90 (0.74H, m), 2.04-2.22 (1.6H, m), 2.26 (0.5H, dd, J = 6.4, 13.6 Hz), 2.29-2.36 
(0.28H, m), 2.74 (0.5H, dt, J = 6.4, 9.2 Hz), 3.55 (0.43H, dd, J = 6.8, 10.4 Hz), 3.60-3.64 
(0.13H, m), 3.67 (0.52H, dd, J = 4.8, 10.4 Hz), 3.72 (0.92H, d, J = 2.4 Hz), 4.44 (0.52H, bs), 
4.59 (0.76H, dd, J = 8.0, 16.0 Hz), 4.67 (0.51H, dd, J = 4.8, 9.2 Hz), 4.73-4.83 (0.12H, m), 
4.94-5.05 (0.1H,m) ; 13C NMR (CDCl3) δ 26.2 (3C), 30.5, 30.6, 35.9, 40.9, 45.8, 49.5, 65.7, 
74.0, 92.7 ; IR (neat) ν 3340, 2923, 2854, 1550, 1450, 1373, 1272, 1195, 1103, 1041, 910, 
732 cm−1; HRMS (ESI): [M+Na]+ calculated for C12H21NO4Na: 266.1368, found: 266.1375 






1H NMR (CDCl3) δ 2.06 (3H, s), 2.44 (1H, bdt, J = 4.4, 19.2 Hz ), 2.67-2.78 (1H, m), 2.92 (1H, 
ddt, J = 2.8, 8.8, 19.2 Hz),  4.11 (1H, dd, J = 6.8, 11.2 Hz), 4.17−4.20 (1H, m), 4.18 (1H, dd, J 
= 6.8, 11.2 Hz), 7.05 (2H, dd, J = 2.4, 9.2 Hz), 7.11-7.21 (3H, m), 7.28-740 (2H, m); 13C 
NMR (CDCl3) δ 20.8, 32.5, 46,4, 51.4, 65.8, 126.8 (2C), 127.4, 129.0 (2C), 137.7, 140.7, 
153.7, 170.9; IR (neat) ν 1740, 1510, 1362, 1236, 1036, 755.9, 701.0 cm−1; HRMS (ESI): 
[M+Na]+ calculated for C13H15NO5Na: 284.0899, found: 284.0886; [α]D13 +116 (c 0.49, 
CHCl3),95% ee 
 Enantiomeric excess was determined by HPLC using a Chiralpak IB column (80/1 
hexane/i-PrOH; flow rate 1.0 mL/min, major enantiomer; tR = 18.1 min, minor 
enantiomer; tR = 19.4 min). 
Rf = 0.35 (AcOEt : hexane = 1 : 3) 
 
 






1H NMR (CDCl3) δ 2.04 (3H, s), 2.43 (1H, ddt, J = 2.8, 4.8, 19.2 Hz ), 2.67 (1H, m), 2.90 (1H, 
ddt, J = 2.8, 8.8, 16.4 Hz), 3.79 (1H, dt, J = 7.2, 11.2 Hz), 4.09 (1H, dd, J = 6.8, 11.2 Hz), 
4.12−4.16 (1H, m), 4.17 (1H, dd, J = 6.0, 11.2 Hz), 7.05 (2H, dd, J = 2.4, 9.2 Hz), 7.14 (1H, 
dd, J = 2.8, 4.4 Hz), 7.44 (2H, dd, J = 2.4, 9.2 Hz); 13C NMR (CDCl3) δ 20.7, 32.4, 46,4, 
51.0, 65.6, 121.3, 128.5 (2C), 132.1 (2C), 138.0, 139.8, 153.3, 170.8; IR (neat) ν 1739, 
1550, 1514, 1488, 1240, 1038, 1010 cm−1; HRMS (ESI): [M+Na]+ calculated for 
C14H14NO4BrNa: 362.0004, found: 362.0011; [α]D20 +48.2 (c 0.71, CHCl3) ,93% ee 
 Enantiomeric excess was determined by HPLC using a Chiralpak IB column (80/1 
hexane/i-PrOH; flow rate 1.0 mL/min, major enantiomer; tR = 24.9 min, minor 
enantiomer; tR = 28.0 min). 








1H NMR (CDCl3) δ 2.05 (3H, s), 2.41 (1H, dt, J = 4.8, 19.6 Hz), 2.69 (1H, m), 2.90 (1H, ddt, J 
= 2.8, 8.8, 16.4 Hz), 3,77 (1H, s), 4.10 (1H, dd, J = 6.4, 11.2 Hz), 4.12−4.15 (1H, m) 4.17 (1H, 
dd, J = 6.4, 11.2 Hz), 6.85 (2H, dd, J = 2.8, 9.6 Hz), 7.09 (2H, dd, J = 2.8, 9.6 Hz), 7.11 (1H, 
s); 13C NMR (CDCl3) δ 20.8, 32.4, 46,5, 50.6, 55.2, 65.8, 114.3 (2C), 127.9 (2C), 132.7, 
137.3, 153.9, 158. 8, 170.8; IR (neat) ν 1740, 1511, 1361, 1240, 1179, 1034 cm−1; HRMS 
(ESI): [M+Na]+ calculated for C15H17NO5Na: 314.1004, found: 314.0990; [α]D20 +85.8 (c 
0.67, CHCl3) ,91% ee 
 Enantiomeric excess was determined by HPLC using a Chiralpak IB column (80/1 
hexane/i-PrOH; flow rate 1.0 mL/min, major enantiomer; tR = 25.5 min, minor 
enantiomer; tR = 28.4 min). 








1H NMR (CDCl3) δ 2.07 (3H, s), 2.48 (1H, bd, J = 19.2 Hz), 2.74-2.88 (1H, m), 2.98 (1H, ddt, J 
= 2.8, 8.8, 19.2 Hz),  4.16 (1H, dd, J = 6.8, 11.2 Hz),  4.22 (1H, dd, J = 6.8, 11.2 Hz), 
4.36 (1H, bs), 7.21 (1H, s), 7.30 (1H, dd, J = 1.6, 8.4 Hz), 7.41-7.54 (2H, m), 7.54 (1H, s), 
7.74-7.89 (3H, m); 13C NMR (CDCl3) δ 20.8, 32.6, 46.4, 51.5,65.8, 124.8, 125.6, 125.9, 
126.4, 127.7 (2C), 129.0, 132.7, 133.5, 138.0 (2C), 153.6, 170.9; IR (neat) ν 1740, 1513, 
1359, 1237, 1038, 817.6 cm−1; HRMS (ESI): [M+Na]+ calculated for C18H17NO4Na: 
334.1055, found: 334.1049; [α]D18 +889 (c 0.24, CHCl3) ,95% ee 
 Enantiomeric excess was determined by HPLC using a Chiralpak IB column (80/1 
hexane/i-PrOH; flow rate 1.0 mL/min, major enantiomer; tR = 25.9 min, minor 
enantiomer; tR = 31.9 min). 








1H NMR (CDCl3) δ 2.05 (3H, s), 2.41 (1H, dd, J = 4.4, 14.8 Hz), 2.89 (1H, d, J = 2.0 
Hz), 2.80−2.99 (1H, m), 4.08 (1H, dd, J = 4.4, 6.4 Hz), 4.14 (1H, dd, J = 4.4, 6.4 Hz), 4.28 
(1H, s), 6.14 (1H, s),  6.28 (1H, s), 7.09 (1H, s), 7.29 (1H, s); 13C NMR (CDCl3) δ 20.8, 32.3, 
43.2, 44.6, 65.5, 106.5, 110.5, 138.2, 142.0, 151.4, 152.3, 170.9; IR (neat) ν 1740, 1515, 
1361, 1234, 1037, 1011, 737.6 cm−1; HRMS (ESI): [M+Na]+ calculated for C12H13NO5Na: 
274.0691, found:274.0697; [α]D21 +43.6 (c 0.46, CHCl3) ,92% ee 
 Enantiomeric excess was determined by HPLC using a Chiralpak IB column (80/1 
hexane/i-PrOH; flow rate 1.0 mL/min, major enantiomer; tR = 18.2 min, minor 
enantiomer; tR = 18.4 min). 
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1H NMR (CDCl3) δ 1.72-1.85 (1H, m), 2.04 (3H, s), 2.05-2.18 (2H, m), 2.31 (1H, dd, J = 2.4, 
19.6 Hz), 2.57-2.74 (2H, m), 2.81 (1H, ddt, J = 2.8, 8.4, 19.6 Hz), 3.03 (1H, dd, J = 2.4, 6.0 Hz 
), 3.98 (2H, dd, J = 1.6, 7.2 Hz), 6.94 (1H, bs), 7.13-7.21 (3H, m),  7.26 (2H, d, J = 7.6 Hz); 
13C NMR (CDCl3) δ 20.8, 20.9, 32.3, 32.8, 33.4, 41.0, 44.9, 66.6, 126.1, 128.3 (2C), 128.5 
(2C), 136.8, 141.0, 154.4, 171.0; IR (neat) ν 1741, 1510, 1356, 1236, 1036, 701.0, 439.6 
cm−1; HRMS (ESI): [M+Na]+ calculated for C16H19NO4Na: 312.1212, found: 312.1225; 
[α]D20 +7.9 (c 0.95, CHCl3) ,94% ee 
 Enantiomeric excess was determined by HPLC using a Chiralpak IC column (30/1 
hexane/i-PrOH; flow rate 1.0 mL/min, major enantiomer; tR = 30.7 min, minor 
enantiomer; tR = 43.5 min). 







1H NMR (CDCl3) δ 1.04 (21H, s), 1.68-1.82 (1H, m), 1.98-2.08 (1H, m), 2.05 (3H, s), 2.32 (1H, 
ddd, J = 2.4, 2.4, 19.2 Hz), 2.66-2.85 (2H, m), 3.11 (1H, dd, J = 3.2, 8.4 Hz), 3.70−3.88 (2H, 
m), 4.02 (2H, dd, J = 3.2, 6.8 Hz), 6.92 (1H, s); 13C NMR (CDCl3) δ 11.9 (3Η), 17.9 (6H), 
20.8, 32.4, 34.7, 41.1, 42.8, 61.1, 66.7, 136.7, 154.6, 171.0; IR (neat) ν 2943, 2865, 1745, 
1516, 1464, 1361, 1237, 1106, 883 cm−1; HRMS (ESI): [M+Na]+ calculated for 
C19H35NNaO5Si: 408.2182, found: 408.2181; [α]D20 -16.9 (c 0.10, CHCl3) ,95% ee 
 Enantiomeric excess was determined by HPLC using a Chiralpak IB column (80/1 
hexane/i-PrOH; flow rate 1.0 mL/min, major enantiomer; tR = 7.29 min, minor 
enantiomer; tR = 8.00 min). 







1H NMR (CDCl3) δ 1.45 (9H, s), 2.07 (3H, s), 2.40 (1H, bd, J = 18.4 Hz), 2.80-2.98 (2H, m), 
3.75 (1H, bs), 4.13 (2H, dd, J = 5.6, 10.8), 7.05 (1H, s); 13C NMR (CDCl3) δ 20.8, 27.8 (3C), 
33.0, 41.4, 51.8, 65.6, 82.2, 138.8, 150.3, 170.1, 170.8; IR (neat) ν 1741, 1559, 1521, 1368, 
1238, 1154, 1040 cm−1; HRMS (ESI): [M+Na]+ calculated for C13H19NO6Na: 308.1110, 
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found: 308.1108; [α]D21 -15.8 (c 0.30, CHCl3) ,99% ee 
 Enantiomeric excess was determined by HPLC using a Chiralpak IC column (80/1 
hexane/i-PrOH; flow rate 1.0 mL/min, major enantiomer; tR = 13.3 min, minor 
enantiomer; tR = 15.3 min). 






1H NMR (CDCl3) δ  0.92 (1H, ddd, J = 3.2, 12.4 Hz), 1.03-1,20 (4H, m), 1.21-1.35 (2H, s), 
1.46-1.62 (2H, m), 1.62-1.80 (4H, m), 1.82-1.93 (1H, m), 2.06 (3H, s), 2.26 (1H, dd, J = 3.2, 18.0 
Hz), 2.60-2.73 (2H, m), 2.39 ( 1H, d, J = 2.8 Hz), 3.90 (1H, dd, J = 7.6, 11.2 Hz), 3.98 (1H, dd, 
J = 4.0, 10.8 Hz), 6.96 (1H, s); 13C NMR (CDCl3) δ 20.9, 26.1, 26.4, 27.3, 31.0, 33.1, 37.3, 
38.6, 50.9, 77.2, 136.9, 153.3, 171.0; IR (neat) ν 2923, 2854, 1743, 1511, 1450, 1357, 1234, 
1041 cm−1; HRMS (ESI): [M+Na]+ calculated for C14H21NO4Na: 290.1368, found: 
290.1371; [α]D20 -12.7 (c 0.26, CHCl3), 96% ee 
 Enantiomeric excess was determined by HPLC using a Chiralpak IB column (80/1 
hexane/i-PrOH; flow rate 1.0 mL/min, major enantiomer; tR = 7.6 min, minor 
enantiomer; tR = 8.3 min). 


























To a mixture of succinaldehyde (2.5 mmol, 215 mg), nitroalkene (1 mmol, 246 mg) and 
p-nitrophenol (0.10 mmol, 13.9 mg) in CH2Cl2 (2.0 mL) was added rac-2-diphenyl- 
trimethylsiloxymethylpyrrolidine (0.10 mmol, 33 mg) at room temperature under Ar 
and the reaction mixture was stirred for 3 h. After completion of the reaction, NaBH4 (2 
mmol, 76 mg) and MeOH (1.0 mL) were added to the reaction mixture at 0 °. After 
stirring for 30 min, the reaction was quenched by the addition of aq. NH4Cl. Separated 
aqueous layer was extracted with EtOAc three times. Combined organic layer was 
washed by brine and dried over Na2SO4 and concentrated in vacuo after filtration. The 
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crude material was purified by flash column chromatography on silica gel (EtOAc : 
hexane = 1 : 3 ~ 1 : 1) to give the corresponding diol in 77% yield (257 mg) as a mixture 
of 4 diastereomers (dr=32:30:26:12). 
 
a mixture of 4 diastereomers 
1H NMR (CDCl3) δ  2.02-2.15 (0.76H, m), 2.18-2.35 (0.63H, m), 2.45-2.62 (0.98H, m), 
2.62-2.75 (0.63H, m), 3.18-3.45 (0.24H, m), 3.30 (0.26H, dd, J = 2.8, 10.8 Hz), 3.48 (0.26H, 
dd, J = 2.8, 10.8 Hz), 3.54 (0.30H, dd, J = 5.2, 10.8 Hz), 3.64 (0.30H, dd, J = 4.4, 13.6 Hz), 
3.79 (0.32H, dd, J = 9.6, 9.6 Hz), 4.11 (0.30H, dd, J = 7.2, 10.8 Hz), 4.24 (0.26H, dd, J = 7.6, 
10.8 Hz), 4.52 (0.12H, dd, J = 10.0, 10.0 Hz), 4.65-4.95 (1H, m), 5.01 (0.32H, dd, J = 6.0, 
9.6 Hz), 5.13 (0.30H, dd, J = 4.4, 10.8 Hz), 5.43 (0.26H, dd, J = 4.8, 10.8 Hz), 5.51 (0.12H, 
dd, J = 5.2, 10.0 Hz), 6.95-7.10 (1H, m), 7.20-7.40 (1H, m), 7.48 (1H, dd, J = 6.8, 6.8 Hz);  
major isomer 
13C NMR (CDCl3) δ 34.6, 41.7, 45.1, 63.2, 75.4, 95.4, 125.1, 125.6, 127.2, 129.0, 130.6, 
132.9; IR (neat) ν 3359, 2946, 1555, 1453, 1373, 1265, 1222, 1042, 735 cm−1; HRMS 
(ESI): [M+Na]+ calculated for C12H13BrFNNaO4: 355.9910, found: 355.9911; 















To a mixture of diol (0.68 mmol, 227 mg) in pyridine (1.6 mL) was added Ac2O (2.0 mmol, 
193 µl) at room temperature under Ar and the reaction mixture was stirred for 8 h. 
After completion of the reaction, 1N HCl was added to the reaction mixture. Separated 
aqueous layer was extracted with EtOAc three times. Combined organic layer was 
washed by brine and dried over Na2SO4 and concentrated in vacuo after filtration. The 
crude material was purified by flash column chromatography on silica gel (EtOAc : 
hexane = 1 : 4 ~ 1 : 2) to give the corresponding nitroalkene in 70% yield (170 mg) as a 
single diastereomer. 
 
1H NMR (CDCl3) δ  2.06 (3H, s), 2.44 (1H, d, J = 18.8 Hz), 2.71-2.83 (1H, m), 2.94 (1H, dd, 
J = 8.4, 18.8 Hz), 4.14 (1H, dd, J = 11.2, 18.0 Hz), 4.19 (1H, dd, J = 4.8, 18.0 Hz), 4.48 
(1H, s), 6.98 (1H, dd, J = 7.6, 7.6 Hz), 7.05 (1H, dd, J = 6.8, 6.8 Hz), 7.46 (1H, dd, J = 6.8, 
6.8 Hz); 13C NMR (CDCl3) δ 20.7, 32.5, 45.4, 45.6, 65.7, 125.4, 127.3, 132.6 (2C), 138.7 
(3C),152.0, 170.9; HRMS (ESI): [M+Na]+ calculated for C14H13BrFNNaO4: 379.9910, 
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found: 379.9907; 



























To a mixture of diol (0.83 mmol, 276 mg) and lutidine (3.3 mmol, 0.38 mL) in CH2Cl2 (2.8 
mL) was added TBSOTf (2.5 mmol, 0.57 mL) at 0 °C under Ar and the reaction mixture 
was stirred for 30 min. After completion of the reaction, aq. NaHCO3 was added to the 
reaction mixture. Separated aqueous layer was extracted with EtOAc three times. 
Combined organic layer was washed by 1N HCl and brine, then dried over Na2SO4 and 
concentrated in vacuo after filtration. The crude material was used to the next reaction 
without further purification.  
To a crude mixture of secondary silyl ether (0.83 mmol) in EtOH (2.8 mL) was added 
pyridinium p-toluenesulfonate (0.83 mmol, 209 mg) at room temperature under Ar. The 
reaction mixture was heated to 72 °C and stirred for 16 h at this temperature. After 
completion of the reaction, aq. NaHCO3 was added to the reaction mixture. Separated 
aqueous layer was extracted with EtOAc three times. Combined organic layer was 
washed by brine and dried over Na2SO4 and concentrated in vacuo after filtration. The 
crude material was purified by flash column chromatography on silica gel (EtOAc : 
hexane = 1 : 5 ~ 1 : 3) to give the corresponding alcohol in 74% yield (274 mg) as a 
mixture of two stereoisomers (dr=52:48). The more polar isomer can be separated by 
PTLC (Et2O : hexane = 1 : 2, developed five times). 
 
a more polar isomer 
1H NMR (CDCl3) 0.06 (3H, s), 0.11 (3H, s), 0.88 (9H, s), 1.83 (1H, ddd, J = 2.8, 4.8, 14.0 
Hz), 2.38 (1H, ddd, J = 4.8, 10.0, 14.0 Hz), 2.42-2.55 (1H, m), 3.64 (1H, dd, J = 6.0, 10.4 
Hz), 3.72 (1H, dd, J = 5.2, 10.4 Hz), 4.03 (1H, dd, J = 8.8, 10.0 Hz), 4.75 (1H, dd, J = 4.8, 
7.6 Hz), 5.12 (1H, dd, J = 4.8, 10.0 Hz), 6.98 (1H, ddd, J = 0.8, 8.0, 8.0 Hz), 7.26 (1H, dd, 
J = 8.0, 8.0 Hz), 7.47 (1H, dd, J = 8.0, 8.0 Hz); 13C NMR (CDCl3) δ -5.37, -4.86, 25.5 (3C), 
35.8 (2C), 44.3, 44.6, 65.2, 74.3, 92.6, 125.4 (2C), 130.6 (2C), 132.7 (2C); IR (neat) ν 3419, 
2929, 2856, 1551, 1453, 1379, 1257, 1069, 838, 778 cm−1; HRMS (ESI): [M+Na]+ 
calculated for C18H27BrFNNaO4Si: 470.0774, found: 470.0780; 
Rf = 0.53 (EtOAc : hexane = 1 : 2) 















To a mixture of alcohol (0.06 mmol, 26 mg) in 1,4-dioxane (1.2 mL) was added t-BuOK 
(0.18 mmol, 19 mg) at room temperature under Ar and the reaction mixture was stirred 
for 3 h. After completion of the reaction, aq. NH4Cl was added to the reaction mixture. 
Separated aqueous layer was extracted with EtOAc three times. Combined organic 
layer was washed by brine and dried over Na2SO4 and concentrated in vacuo after 
filtration. The crude material was purified by flash column chromatography on silica gel 
(EtOAc : hexane = 1 : 30 ~ 1 : 10) to give the corresponding benzopyran S1 in 81% yield 
(20 mg). The relative configuration was determined by 1H NMR and NOESY spectra 
(See Figure 1 and 2). 
 
1H NMR (CDCl3) δ  0.03 (3H, s), 0.07 (3H, s), 0.86 (9H, s), 2.01 (1H, ddd, J = 4.4, 9.2, 13.6 Hz), 
2.08 (1H, dd, J = 8.0, 13.6 Hz), 3.02-3.19 (1H, m), 3.97 (1H, dd, J = 4.8, 11.6 Hz), 4.06 (1H, dd, 
J = 3.2, 11.6 Hz), 4.31 (1H, dd, J = 8.0, 8.0 Hz), 4.61 (1H, dd, J = 6.4, 6.4 Hz), 4.64-4.70 (1H, 
m), 6.81 (1H, dd, J = 8.0, 8.0 Hz), 7.15 (1H, d, J = 8.0 Hz), 7.40 (1H, d, J = 8.0 Hz); 13C 
NMR (CDCl3) δ -5.37, -4.86, 17.8, 25.5 (3C), 35.6, 36.0, 37.7, 69.4, 74.2, 96.5, 111.8, 123.0, 
126.4, 128.5, 131.7, 152.3; IR (neat) ν 2928, 2856, 1550, 1469, 1444, 1377, 1254, 1071, 
838 cm−1; HRMS (ESI): [M+Na]+ calculated for C18H26BrNNaO4Si: 450.0712, found: 
450.0710; 




















4.61 (dd, J=6.4, 8.0 Hz) He




2.08 (dd, J=4.4, 13.6 Hz) Hc2
2.01 (ddd, J=4.4, 9.2, 13.6 Hz) Hc1
HH
Ha1 4.06 (dd, J=4.0, 11.6 Hz)
Ha2 3.97 (dd, J=4.8, 11.6 Hz)
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Chapter 3. 
 




92% 4S1  
Et3N (3.9 mL, 28 mmol) was added to a solution of S1 (3.0 g, 13 mmol) and 
methanesulfonyl chloride (1.1 mL, 14 mmol) in CH2Cl2 (43 mL) at −20 °C under Ar 
atmosphere. The reaction mixture was stirred for 20 min at −20 °C, and the reaction 
was quenched with 1 N HCl aq. The aqueous layer was extracted three times with 
AcOEt. The combined organic layer was washed with brine, dried over Na2SO4, and 
concentrated under reduced pressure. Purification by neutral silica gel column 
chromatography (hexane : AcOEt = 8 : 1) gave 4 (2.5 g, 12 mmol) in 92% yield as a pale 
green oil. 
1H NMR (CDCl3) δ 1.29-1.40 (6H, m), 1.46-1.66 (2H, m), 2.21-2.33 (4H, m), 3.65 (3H, s), 
6.96 (1H, dt, J = 13.2, 1.6 Hz), 7.25 (1H, m); 
13C NMR (CDCl3) 24.7, 27.5, 28.4, 28.7 (2C), 33.9, 51.5, 139.7, 142.5, 174.1; 
HRMS (ESI): [M+Na]+ calcd for C10H17NNaO4: 238.1050, found: 238.1052; 
Rf = 0.58 (AcOEt : hexane = 1 : 3). 
 





























(R)-Diphenylprolinol trimethylsilyl ether (65 mg, 0.20 mmol) was added to a mixture of 
(E)-methyl 9-nitronon-8-enoate 4 (861 mg, 4.0 mmol), p-nitrophenol (27.9 mg, 0.20 
mmol) and 1,4-butadial 5 (517 mg, 6.0 mmol) in MeCN (4.0 mL) at room temperature. 
The reaction mixture was stirred for 18 h at this temperature, and then cooled to 0 °C. 
N,N-Diisopropylethylamine (714 µL, 4.2 mmol) was added to the reaction mixture and 
stirred for 30 min at this temperature. Then, HWE reagent 6 (2.0 g, 8.8 mmol) was 
added and the reaction mixture was warmed to room temperature. After stirring for 6 h, 
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the reaction was quenched by the addition of saturated aqueous NH4Cl. The aqueous 
layer was extracted with AcOEt for three times. The combined organic layers were 
washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. 
Purification by neutral silica gel column chromatography (hexane : AcOEt = 5 : 1) gave 7 
(1.3 g, 3.2 mmol) in 81% yield as a mixture of diastereomers (dr = 76 : 17 : 7). 
1H NMR (CDCl3) δ 0.86 (3H, t, J = 7.6 Hz), 1.20-1.35 (10H, m), 1.48-1.64 (6H, m), 
1.92-2.02 (1H, m), 2.02-2.10 (1H, m), 2.25 (2H, t, J = 7.6 Hz), 2.31-2.42 (1H, m), 2.51 (2H, 
t, J = 7.6 Hz), 2.66-2.78 (1H, m), 3.62 (3H, s), 4.51 (1H, dd, J = 3.6, 7.6 Hz), 4.59-4.65 
(0.76H, m), 4.66-4.76 (0.17H, m), 4.89-4.95 (0.07H, m), 6.11 (1H, d, J = 16.0 Hz), 
6.56-6.64 (0.16H, m), 6.67 (0.6H, dd, J = 16.0, 8.8 Hz), 6.72-6.84 (0.24H, m); 
13C NMR (CDCl3) δ 13.8, 22.4, 23.8, 24.7, 26.8, 28.7, 29.1, 31.4, 32.5, 33.9, 39.4, 40.6, 
45.2, 49.4, 51.4, 76.1, 97.6, 130.7, 147.5, 174.2, 200.5; 
IR (neat) ν 3456, 2931, 2862, 1736, 1666, 1628, 1550, 1442, 1373, 1250, 1172, 1110, 1064, 
987, 764 cm−1; 
HRMS (ESI): [M+Na]+ calcd for C21H35NO6Na: 420.2362, found:420.2355; 



















(−)-DIP-Chloride (1.7 M in hexane, 353 µL, 0.60 mmol) was added slowly to a solution of 
enone 7 (60 mg, 0.15 mmol) in THF (400 µL) at -40 °C. After the mixture was stirred for 
12 h at this temperature, BHT (6.6 mg, 0.03 mmol) was added to a reaction mixture. 
The reaction was quenched with a mixture of MeOH and water at -40 °C. To the 
resulting solution was added 1N HCl aq. and the mixture was stirred for 30 min at room 
temperature. The aqueous layer was extracted with AcOEt for three times and the 
combined organic layers was washed with brine, dried over anhydrous Na2SO4 and 
concentrated in vacuo. Purification by neutral silica gel column chromatography 
(AcOEt : hexane = 1 : 2) gave allyl alcohol 8 (41 mg, 0.10 mmol) in 68% yield (dr = 96 : 4 
at C15) as a pale yellow oil. 
1H NMR (CDCl3) δ 0.88 (3H, t, J = 6.8 Hz), 1.20-1.35 (12H, m), 1.41-1.52 (4H, m), 
1.52-1.63 (4H, m), 1.86-1.95 (1H, m), 1.95-2.04 (1H, m), 2.21-2.31 (1H, m), 2.28 (2H, t, J 
= 7.2 Hz), 2.48-2.60 (1H, m), 3.65 (3H, s), 4.03-4.11 (1H, m), 4.48 (1H, dd, J = 8.0, 3.6 Hz), 
4.58-4.66 (1H, m), 5.45-5.62 (2H, m); 
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13C NMR (CDCl3) δ 13.9, 22.5, 24.6, 25.0, 26.3, 28.7, 29.0, 31.7, 32.1, 33.9, 37.3, 39.9, 
45.0, 49.6, 51.4, 72.4, 76.2, 97.9, 132.0, 134.8, 174.3; 
IR (neat) ν 3440, 2931, 2862, 1736, 1550, 1442, 1373, 1257, 1173, 1110, 1056, 972, 864, 
764 cm−1; 
HRMS (ESI): [M+Na]+ calcd for C21H37NO6Na: 422.2519, found:422.2511; 
Rf = 0.26, 0.30 (AcOEt : hexane = 1 : 1). 
 

















Acidic alumina (423 mg) was added to a solution of 8 (339 mg, 0.84 mmol) in 
ClCH2CH2Cl (1.7 mL) at room temperature and the resulting suspension was warmed 
to 60 °C. After the reaction mixture was stirred for 24 h at this temperature, another 
portion of acidic alumina (423 mg) was added to the reaction mixture. After stirring for 
24 h, the mixture was filtered through a Celite pad. The alumina was washed with 
CH2Cl2 for three times and the combined organic materials was concentrated in vacuo 
to give 10 (242 mg, 0.63 mmol) in 75% yield (cis : trans (C8-C9)= 93 : 7) as a pale yellow 
oil. 
1H NMR (CDCl3) δ 0.89 (3H, t, J = 6.8 Hz), 1.20-1.40 (10H, m), 1.42-1.66 (8H, m), 
1.67-1.79 (1H, m), 2.26-2.38 (1H, m), 2.29 (2H, t, J = 7.6 Hz), 2.75-2.88 (2H, m), 2.96 (1H, 
bs), 3.66 (3H, s), 4.01-4.10 (1H, m), 5.51 (1H, dd, J = 15.6, 6.8 Hz), 5.67 (1H, dd, J = 15.6, 
6.8 Hz), 6.91 (1H, s); 
13C NMR (CDCl3) δ 13.9, 22.5, 24.7, 25.0, 26.0, 28.9, 29.3, 31.3, 31.7, 33.9, 35.8, 37.5, 
45.1, 48.4, 51.4, 72.5, 133.1, 133.4, 136.6, 154.7, 174.2; 
IR (neat) ν 3450, 2930, 2858, 1739, 1636, 1550, 1513, 1466, 1457, 1436, 1355, 1256, 1200, 
1172, 973, 783, 729 cm−1; 
HRMS (ESI): [M+Na]+ calcd for C21H35NO5Na: 404.2413, found: 404.2423; 
Rf = 0.62 (AcOEt : hexane = 1 : 1); 
[α]D22 -5.0 (c 1.05, CHCl3) 
 
PGA1 methyl ester (2) 










10 PGA1 methyl ester (2)  
DABCO (28 mg, 0.25 mmol) was added to a solution nitroalkene 10 (94 mg, 0.25 mmol) 
in MeCN (2.5 mL) at 0 °C. After stirring the reaction mixture at this temperature for 6 h, 
N,N-diisopropylethylamine (43 µL, 0.25 mmol) was added to the mixture. After stirring 
for 24 h, the reaction was quenched with pH7 buffer at 0 °C. The aqueous layer was 
extracted with AcOEt three times. The combined organic layer was dried over Na2SO4, 
and concentrated in vacuo. The residue was purified by neutral silica gel column 
chromatography (AcOEt : hexane = 1 : 2) to afford PGA1 methyl ester (2) (64 mg, 0.18 
mmol) in 73% yield as a colorless oil. 
1H NMR (CDCl3) δ 0.89 (3H, t, J = 6.8 Hz), 1.23-1.43 (14H, m), 1.57-1.67 (3H, m), 
2.02-2.10 (1H, m), 2.25-2.34 (1H, m), 2.29 (2H, t, J = 7.6 Hz), 3.20-3.36 (1H, m), 3.66 (3H, 
s), 4.06-4.14 (1H, m), 5.59-5.64 (2H, m), 6.16 (1H, dd, J = 5.6, 2.0 Hz), 7.49 (1H, dd, J = 
5.6, 2.4 Hz); 
13C NMR (CDCl3) δ 12.4, 21.3, 23.2, 24.1, 25.4, 27.4, 27.7, 28.1, 30.1, 32.4, 35.7, 49.1, 
49.9, 50.6, 70.9, 129.0, 131.7, 133.4, 163.2, 172.7, 209.6; 
IR (neat) ν 3386, 2931, 2862, 1736, 1550, 1520, 1458, 1442, 1342, 1257, 1203, 1173, 1080, 
980 cm−1; 
HRMS (ESI): [M+Na]+ calcd for C21H34NO4Na: 373.2355, found: 373.2349; 
Rf = 0.33 (AcOEt : hexane = 1 : 2); 
[α]D22 +26.2 (c 0.29, CHCl3). 
 
















PGA1 methyl ester (2) S2
PGE1 methyl ester (1)
2 steps 74%  
A mixture of 2 N NaOH (160 µL) and 30% H2O2 aq. (181 µL) was added to a solution of 
PGA1 methyl ester (2) (56 mg, 0.16 mmol) in MeOH (6.2 ml) at -45 °C. The reaction 
mixture was stirred at -45 oC for 12 h. An another portion of 2 N NaOH aq. (160 µL) and 
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30% H2O2 aq.(181 µL) were added, and the reaction mixture was stirred for 12 h. The 
reaction was quenched with saturated aqueous ammonium chloride. The aqueous layer 
was extracted with AcOEt three times. The combined organic layer was dried over 
Na2SO4, and concentrated in vacuo to give epoxide S2 which was used without further 
purification. 
Activated Zn powder (902 mg, 16 mmol) was added to a solution of epoxide S2 in 
saturated aqueous NH4Cl (0.80 mL), MeOH (1.6 mL) and Et2O (1.6 mL) at room 
temperature. The reaction mixture was stirred for 12 h at this temperature, and filtered 
through a Celite pad. The aqueous layer was extracted with AcOEt for three times. The 
combined organic layer was washed with brine, dried over Na2SO4, and concentrated 
under reduced pressure. The residue was purified by neutral silica gel column 
chromatography (MeOH : Et2O = 1 : 50)  to give PGE1 methyl ester (1) (44 mg, 2 steps 
74%) as colorless oil. 
[α]D22 -55.6 (c 0.33, MeOH), lit. [α]D22 -53.8 (c 1.04, MeOH). 
 
One-pot synthesis of PGE1 methyl ester from 8 
























PGE1 methyl ester (1)
 
Acidic alumina (117 mg) was added to a solution of 8 (93 mg, 0.23 mmol) in ClCH2CH2Cl 
(468 µL) at room temperature and resulting suspension was warmed to 60 °C. The 
reaction mixture was stirred for 24 h at this temperature. An another portion of acidic 
alumina (117 mg) was added, and the reaction mixture was stirred for 24 h. After 
concentration in vacuo, MeCN (2.3 mL) was added to the residue. DABCO (26 mg, 0.23 
mmol) was added to a suspension at 0 °C, and the reaction mixture was stirred for 6 h. 
N,N-Diisopropylethylamine (40 µL, 0.23 mmol) was added to the reaction mixture and 
the mixture was stirred for 24 h. Addition of trimethylsilyl chloride (59 µL, 0.47 mmol) 
and MeOH (100 µL) was followed by the concentration. The residue was dissolved in 
MeOH (9.0 mL). A mixture of aqueous 2 N NaOH aq. (160 µL) and 30% H2O2 aq. (181 
µL) was added to the suspension at -45 °C and the mixture was stirred for 12 h. An 
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another portion of 2 N NaOH aq. (160 µL) and 30% H2O2 aq. (181 µL) were added, and 
the reaction mixture was stirred for 12 h. Then, trimethylsilyl chloride (148 µL, 1.2 
mmol) was added at same temperature. Et2O (9.0 mL), saturated aqueous NH4Cl (4.5 
mL) and activated Zn powder (1.5 g, 23 mmol) were subsequently added to the mixture. 
The reaction mixture was stirred for 12 h at room temperature and filtered through a 
Celite pad. The separated aqueous layer was extracted with AcOEt three times. The 
combined organic layer was washed with brine, dried over Na2SO4, and concentrated 
under reduced pressure. The residue was purified by neutral silica gel column 
chromatography (MeOH : Et2O = 1 : 50) to give PGE1 methyl ester (1) (22 mg, 25%). 
 
[1] M. Suzuki, T. Kawagishi, A. Yanagisawa, T. Suzuki, N. Okamura, R. Noyori, Bull. 
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Chapter 4. 
 




























S4 S5  
To a mixture of carboxylic acid S1 (23 mmol, 5.0 g) and K2CO3 (68 mmol, 9.5 g) in DMF 
(23 mL) was added MeI (34 mmol, 2.1 mL) at room temperature under Ar. The reaction 
mixture was warmed to 50 °C, and stirred for 5 h. After completion of the reaction, aq. 
NH4Cl was added to the reaction mixture. Separated aqueous layer was extracted with 
EtOAc and water three times, respectively. Combined organic layer was dried over 
Na2SO4 and concentrated in vacuo after filtration. The crude material S2 was used for 
next reaction without further purification.  
 
To a mixture of crude methyl ester S2 in CH2Cl2 (77 mL) was added DIBAL-H (1 M 
hexane solution, 69 mmol, 69 mL) at 0 °C under Ar and stirred for 20 minutes. After 
completion of the reaction, aq. saturated potassium sodium tartrate was added to the 
reaction mixture slowly. Separated aqueous layer was extracted with CH2Cl2 three 
times. Combined organic layer was dried over MgSO4 and concentrated in vacuo after 
filtration. The crude material S3 was used for next reaction without further 
purification. 
 
To a mixture of crude alcohol S3 in CH2Cl2 (46 mL) was added MnO2 (230 mmol, 20 g) at 
room temperature under Ar and stirred for 6 h. After completion of the reaction, MnO2 
was filtered and washed by CH2Cl2. The organic materials was dried over MgSO4 and 
concentrated in vacuo after filtration. The crude material S4 was used for next reaction 
without further purification. 
 
To a mixture of crude aldehyde S4 in CH2Cl2 (46 mL) and MeNO2 (92 mmol, 4.9 mL) was 
added Et3N (115 mmol, 16 mL) at room temperature under Ar and stirred for 8 h. After 
completion of the reaction, the mixture was concentrated in vacuo to remove MeNO2 
and Et3N completely. CH2Cl2 was added and the reaction vessel was cooled to -20 °C. 
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MsCl and Et3N were added slowly to the reaction mixture. After stirring for 20 minutes, 
4N HCl was added to the reaction mixture. Separated aqueous layer was extracted with 
CH2Cl2 three times. Combined organic layer was dried over MgSO4 and concentrated in 
vacuo after filtration. The crude material was purified by flash chromatography on 
silica gel (CHCl3 : hexane = 1 : 1) to nitroalkene S5 in overall yield of 93% (5.3 g) from 
S1. 
 
1H NMR (CDCl3) δ 7.14 (1H, dd, J = 8.0, 8.0 Hz), 7.45 (1H, dd, J = 8.0, 8.0 Hz), 7.67 (1H, 
dd, J = 8.0, 8.0 Hz), 7.73 (1H, d, J = 13.6 Hz), 8.02 (1H, d, J = 13.6 Hz); 13C NMR (CDCl3) 
δ 125.8, 130.18, 131.6 (2C), 136. 8 (2C), 140.0, 140.1; IR (neat) ν 1633, 1508, 1445, 1349, 
970, 784 cm−1; HRMS (ESI): [M+Na]+ calculated for C8H5BrFNNaO2: 267.9385, found: 
267.9381 





























60% dr=>95:5  
 
To a mixture of nitroalkene (2.4 mmol, 580 mg), succinaldehyde (5.9 mmol, 510 mg), and 
p-nitrophenol (0.24 mmol, 33 mg) in CH2Cl2 (0.48 mL) was added (S)-diphenylprolinol 
trimethylsilyl ether (0.24 mmol, 77 mg) at room temperature under Ar and the reaction 
mixture was stirred for 2 h. After completion of the reaction, CH(MeO)3 (24 mmol, 2.6 
mL) and TsOH (0.94 mmol, 180 mg) were added to the reaction mixture. After stirring 
for 4 h, pyridine (5.5 mL) and Ac2O were added to the reaction vessel at 0 °C. The 
reaction mixture was warmed to room temperature and stirred for 12 h. After 
completion of the reaction, the reaction was quenched by the addition of 1N HCl at 0 °C. 
Separated aqueous layer was extracted with EtOAc three times. Combined organic 
layer was washed by brine and dried over Na2SO4 and concentrated in vacuo after 
filtration. The crude material was purified by flash column chromatography on silica gel 
(EtOAc : hexane = 1 : 5) to give nitroalkene in 60% yield (519 mg) by one-pot. 
 
1H NMR (CDCl3) δ 2.60-2.80 (2H, m), 2.80-2.98 (1H, m), 3.31 (3H, s), 3.37 (3H, s), 4.35 
(1H, d, J = 6.0 Hz), 4.52 (1H, bs), 6.97 (1H, dd, J = 8.0, 8.0 Hz), 7.11 (1H, dd, J = 6.8, 8.0 
Hz), 7.16 (1H, bs), 7.43 (1H, dd, J = 6.8, 8.0 Hz); 13C NMR (CDCl3) δ 31.0, 44.8, 48.4, 54.5 
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(2C), 105.9, 125.3, 128.2 (2C), 130.1, 132.4, 139.3, 152.0, 158.2; IR (neat) ν 2937, 2833, 
1645, 1551, 1514, 1454, 1356, 1228, 1122, 1071, 960, 779, 737 cm−1; HRMS (ESI): 
[M+Na]+ calculated for C14H15BrFNNaO4: 382.0066, found: 382.0062 
Rf = 0.45 (EtOAc : hexane = 1 : 3) 

















94% ee  
To a mixture of nitroalkene (0.64 mmol, 232 mg) in MeCN (6.4 mL) was added DABCO 
(0.77 mmol, 87 mg) at room temperature under Ar and stirred for 2 h. After completion 
of the reaction, aq. NH4Cl was added to the reaction mixture. Separated aqueous layer 
was extracted with EtOAc three times. Combined organic layer was washed by brine 
and dried over MgSO4 and concentrated in vacuo after filtration. The crude material 
was purified by flash column chromatography on silica gel (EtOAc : hexane = 1 : 4) to 
give enone in 55% yield (116 mg). 
 
1H NMR (CDCl3) δ 3.27 (3H, s), 3.28-3.38 (1H, m), 3.41 (1H, m), 3.54 (1H, d, J = 3.2 Hz), 
4.39 (1H, d, J = 6.4 Hz), 6.34 (1H, dd, J = 2.0, 5.6 Hz), 6.98 (1H, dd, J = 8.0, 8.0 Hz), 7.07 
(1H, dd, J = 6.8, 8.0 Hz), 7.45 (1H, dd, J = 6.8, 8.0 Hz), 7.71 (1H, dd, J = 2.0, 5.6 Hz); 13C 
NMR (CDCl3) δ 49.3, 53.3, 54.1, 55.1, 105.4, 125.2 (2C), 127.6, 127.8, 130.1, 132.5, 134.1, 
162.0, 206. 8; IR (neat) ν 2934, 2834, 1645, 1715, 1590, 1453, 1346, 1266, 1228, 1194, 
1125, 1073, 778, 735 cm−1; HRMS (ESI): [M+Na]+ calculated for C14H14BrFNaO3: 
351.0008, found: 351.0007 
Enantiomeric excess was determined by HPLC using a CHIRALCEL OJ-H column (9/1 
hexane/i-PrOH; flow rate 1.0 mL/min, major enantiomer; tR = 13.9 min, minor 
enantiomer; tR = 13.3 min). 
93% ee 
Rf = 0.31 (EtOAc : hexane = 1 : 3) 
[α]D26 = +86.1 (c 0.40, CHCl3) 
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1N NaOH (0.2 eq.)
H2O2 aq. (10 eq.)
MeOH (0.05 M)




















To a mixture of enone (0.64 mmol, 232 mg) and 30% aq. H2O2 (6.4 mmol, 0.73 mL) in 
MeOH (6.4 mL) was added 1N NaOH (0.13 mmol, 0.13 mL) at -40 °C under Ar and 
stirred for 9 h. After completion of the reaction, aq. NH4Cl and aq. NaS2O3 were added 
to the reaction mixture. Separated aqueous layer was extracted with EtOAc three times. 
Combined organic layer was washed by brine and dried over MgSO4 and concentrated in 
vacuo after filtration. The product was unstable on the silica gel. Thus, the crude 
epoxide was used for next reaction without further purification. 
 
To a crude mixture of epoxide and saturated aq. NH4Cl (2.6 mL) in MeOH (5.1 mL) and 
Et2O (5.1 mL) was added Zn dust (13 mmol, 819 mg) at 0 °C under Ar and stirred for 1.5 
h. After completion of the reaction, Zn was separated by celite filtration and the residue 
was washed by EtOAc three times. Separated aqueous layer was extracted with EtOAc 
three times. Combined organic layer was washed by brine and dried over MgSO4 and 
concentrated in vacuo after filtration. The product was unstable on the silica gel. Thus, 
the crude epoxide was used for next reaction without further purification. 
 
To a crude mixture of ketone in THF (6.4 mL) was added 1.0 M L-selectride in THF (1.6 
mmol, 1.6 mL) at -78 °C under Ar and stirred for 20 minutes. After completion of the 
reaction, aq. NH4Cl was added to the reaction mixture. Separated aqueous layer was 
extracted with EtOAc three times. Combined organic layer was washed by brine and 
dried over MgSO4 and concentrated in vacuo after filtration. The crude material was 
purified by flash column chromatography on silica gel (EtOAc : hexane = 1 : 10 ~ 1 : 1) to 
give diol in 50% yield (112 mg). 
 
1H NMR (CDCl3) δ 2.00 (1H, d, J = 14.8 Hz), 2.20-2.30 (1H, m), 2.70-2.90 (1H, m), 3.27 
(3H, s), 3.35 (3H, s), 3.42 (1H, dd, J = 4.0, 10.0 Hz), 4.22 (1H, d, J = 4.8 Hz), 4.31 (1H, bs), 
4.38 (1H, bs), 7.04 (1H, dd, J = 8.0, 8.0 Hz), 7.49 (1H, dd, J = 6.8, 8.0 Hz), 7.48 (1H, dd, J 
= 6.8, 8.0 Hz); 13C NMR (CDCl3) δ 42.6, 44.9, 54.2, 55.0, 55.9, 73.6, 74.9, 106.8, 124.7 
(2C), 129.1 (2C), 131.8 (2C); IR (neat) ν 3417, 2930, 1453, 1224, 1130, 1079 cm−1; HRMS 
(ESI): [M+Na]+ calculated for C14H18BrFNaO4: 371.0270, found: 371.0275 
Rf = 0.16 (EtOAc : hexane = 1 : 1) 
[α]D26 = +161.9 (c 0.1, CHCl3) 












1, 4-dioxane (0.1 M)
40 oC, 2 h
91%  
To a mixture of diol (0.23 mmol, 79 mg) in 1,4-dioxane (2.3 mL) was added t-BuOK (0.57 
mmol, 64 mg) at 40 °C under Ar and stirred for 2 h. After completion of the reaction, aq. 
NH4Cl was added to the reaction mixture. Separated aqueous layer was extracted with 
EtOAc three times. Combined organic layer was washed by brine and dried over Na2SO4 
and concentrated in vacuo after filtration. The crude material was purified by flash 
column chromatography on silica gel (EtOAc : hexane = 1 : 10 ~ 1 : 1) to give the 
corresponding alcohol in 91% yield (69 mg). 
 
1H NMR (CDCl3) δ 2.05 (1H, ddd, J = 5.6, 8.8, 14.0 Hz), 2.31 (1H, dd, J = 7.2, 14.0 Hz), 
2.55 (1H, bs), 2.64 (3H, ddd, J = 6.4, 6.4, 14.0 Hz), 3.42 (3H, s), 3.47 (3H, s), 3.67 (1H, dd, 
J = 8.0, 8.0 Hz), 4.09 (1H, ddd, J = 6.4, 6.4, 8.8 Hz), 4.44 (1H, d, J = 6.4 Hz), 5.20 (1H, 
ddd, J = 6.4, 6.4, 8.8, Hz), 6.74 (1H, dd, J = 8.0, 8.0 Hz), 7.19 (1H, d, J = 8.0 Hz), 7.27 (1H, 
d, J = 8.0 Hz); 13C NMR (CDCl3) δ 41.1, 47.7, 54.2, 54.9, 56.3, 73.2, 85.8, 107.2, 122.0 
(2C), 124.3 (2C), 131.4 (2C); IR (neat) ν 3424, 2935, 1601, 1580, 1448, 1264, 1217, 1125, 
1051, 730 cm−1; HRMS (ESI): [M+Na]+ calculated for C14H17BrNaO4: 351.0208, found: 
351.0208 
Rf = 0.34 (EtOAc : hexane = 1 : 1) 





rt, 1.5 h  
To a mixture of terminal olefin[1] (0.24 mmol, 24 mg) in THF (0.24 mL) was added 1.0 M 
9-BBN in THF (0.24 mmol, 0.24 mL) at room temperature under Ar and stirred for 1.5 h. 
The resulted mixture was used for next reaction without further purification. 
 
 
















To a mixture of alcohol (0.22 mmol, 73 mg), boron reagent (0.24 mmol) and Pd(dppf)Cl2 
in THF (2.2 mL) was added K3PO4 (0.33 mmol, 70 mg) under Ar. The reaction mixture 
was warmed to 65 °C and stirred for 6 h. After completion of the reaction, phosphate 
buffer (pH 7.0) was added to the reaction mixture. H2O2 was added successively at 0 °C, 
and the reaction mixture was stirred for 1 h at this temperature. Separated aqueous 
layer was extracted with EtOAc three times. Combined organic layer was washed by 
brine and dried over Na2SO4 and concentrated in vacuo after filtration. The crude 
material was purified by flash column chromatography on silica gel (EtOAc : hexane = 
1 : 2) to give the corresponding ester in 72% yield (55 mg). 
 
1H NMR (CDCl3) δ 1.80-2.05 (3H, m), 2.25-2.38 (3H, m), 2.50-2.62 (3H, m), 3.41 (3H, s), 
3.46 (3H, s), 3.59 (1H, dd, J = 8.8, 8.8 Hz), 3.64 (3H, s),4.10 (1H, dd, J = 8.8, 14.8 Hz), 
4.43 (1H, d, J = 6.8 Hz), 5.09 (1H, ddd, J = 6.0, 6.8, 9.2 Hz), 6.78 (1H, dd, J = 8.0, 8.0 Hz), 
6.94 (1H, d, J = 8.0 Hz), 7.10 (1H, d, J = 8.0 Hz); 13C NMR (CDCl3) δ 24.7, 29.1, 33.3, 41.2, 
47.1, 51.4, 54.1, 54.9, 56.5, 73.4, 85.1, 107.4, 120.6, 122.9, 123.2, 128.7, 129.9, 157.2, 
174.1; IR (neat) ν 3503, 2948, 2834, 1735, 1594, 1452, 1364, 1257, 1191, 1126, 1073, 956, 
737 cm−1; HRMS (ESI): [M+Na]+ calculated for C19H26NaO6: 373.1627, found: 373.1626 
Rf = 0.41 (EtOAc : hexane = 1 : 1) 
















[α]D25 = +21.4 (c 0.4, EtOH)
[α]D22 = +25.3 (c 1.2, EtOH)[2]Lit.  
To a mixture of ester (0.19 mmol, 66 mg) in acetone (1.6 mL) and H2O (0.36 mL) was 
added TsOH (0.1 mmol, 17 mg) under Ar and the reaction mixture was stirred for 16 h. 
After completion of the reaction, aq. NaHCO3 was added to the reaction mixture. 
Separated aqueous layer was extracted with EtOAc three times. Combined organic 
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layer was washed by brine and dried over Na2SO4 and concentrated in vacuo after 
filtration. The crude aldehyde was used for next reaction without further purification.  
 
To the crude mixture of aldehyde in MeOH (0.76 mL) was added NaBH4 (0.29 mmol, 11 
mg) under Ar at 0 °C and the reaction mixture was stirred for 20 minutes. After 
completion of the reaction, aq. NH4Cl was added to the reaction mixture. Separated 
aqueous layer was extracted with EtOAc three times. Combined organic layer was 
washed by brine and dried over Na2SO4 and concentrated in vacuo after filtration. The 
crude material was purified by flash column chromatography on silica gel (EtOAc : 
hexane = 1 : 3) to give the corresponding enone in 80% yield (47 mg). 
 


















O2 steps 70%  
To a mixture of ester (0.16 mmol, 55 mg) in acetone (1.3 mL) and H2O (0.30 mL) was 
added TsOH (0.08 mmol, 14 mg) under Ar and the reaction mixture was stirred for 16 h. 
After completion of the reaction, aq. NaHCO3 was added to the reaction mixture. 
Separated aqueous layer was extracted with EtOAc three times. Combined organic 
layer was washed by brine and dried over Na2SO4 and concentrated in vacuo after 
filtration. The crude aldehyde was used for next reaction without further purification.  
 
To a suspension of 60% NaH (0.24 mmol, 10 mg) in THF (0.80 mL) was added 
Horner-Wadsworth-Emmons reagent at 0 °C. To the solution of sodium salt of 
Horner-Wadsworth-Emmons reagent was added the crude mixture of aldehyde in THF 
(0.80 mL) under Ar and the reaction mixture was stirred for 4 h at room temperature. 
After completion of the reaction, aq. NH4Cl was added to the reaction mixture. 
Separated aqueous layer was extracted with EtOAc three times. Combined organic 
layer was washed by brine and dried over Na2SO4 and concentrated in vacuo after 
filtration. The crude material was purified by flash column chromatography on silica gel 
(EtOAc : hexane = 1 : 3) to give the corresponding enone in 70% yield (69 mg). 
 
1H NMR (CDCl3) δ 1.21 (3H, d, J = 7.2 Hz), 1.75 (3H, dd, J = 2.4, 4.4 Hz), 1.81-2.03 (2H, 
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m), 2.04-2.15 (1H, m), 2.20-2.33 (1H, m), 2.31 (2H, t, J = 7.6 Hz), 2.40-2.55 (2H, m), 2.62 
(2H, ddd, J = 1.2, 7.2, 7.2 Hz), 2.68 (2H, dt, J = 8.4, 15.6 Hz), 2.88 (1H, q, J = 7.2 Hz), 
3.58 (1H, dd, J = 8.0, 8.0 Hz), 3.65 (3H, s), 4.12 (1H, dt, J = 2.0, 9.2 Hz), 5.10-5.22 (1H, 
m), 6.34 (1H, d, J = 15.6 Hz), 6.77 (1H, dd, J = 7.2 Hz), 6.87 (1H, dd, J = 8.8, 15.6 Hz), 
6.90-7.00 (1H, m); 13C NMR (CDCl3) δ 16.3, 16.4, 22.3, 24.7, 29.1, 33.3, 41.8, 44.2, 50.4, 
51.5, 58.7, 62.1, 76.5, 84.7 (2C), 120.7, 121.8, 123.5, 129.0, 129.2, 129.7, 145.8, 157.1, 
174.1; IR (neat) ν 3453, 2931, 1734, 1693, 1624, 1451, 1373, 1257, 1192, 1036, 745 cm−1; 
HRMS (ESI): [M+Na]+ calculated for C25H30NaO5: 433.1991, found: 433.1993 



















To a mixture of enone (0.10 mmol, 41 mg) in THF (0.50 mL) was added 2.0 M 
(－)-DIP-Chloride in THF (0.50 mmol, 0.25 mL) at 0 °C under Ar and stirred for 18 h. 
After completion of the reaction, 1N HCl and MeOH (0.50 mL) were added to the 
reaction mixture and the resulted mixture was stirred for 30 min at 0 °C. Separated 
aqueous layer was extracted with EtOAc three times. Combined organic layer was 
washed by brine and dried over Na2SO4 and concentrated in vacuo after filtration. The 
crude material was purified by flash column chromatography on silica gel (EtOAc : 
hexane = 1 : 2) to give the corresponding alcohol in 75% yield (31 mg) as a 1:1 mixture of 
diastereomer at C16. 
 
The NMR and IR data are known.[2] 
 
References 
[1] G. Esteban et al., Tetrahedron 54, 197 (1998) 
[2] H. Wakita et al., Heterocycles 53, 1085 (2000) 
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Chapter 5. 
 
Preparation of 18O2-labeled silver nitrite and nitroalkene (Eq. 3) 
 
Preparation of 18O2-labeled silver nitrite1 
 To a round bottom flask was added H218O (1 mL) via syringe at room temperature. 
Sodium nitrite (173 mg, 2.5 mmol) and TfOH (3 µL) were added and the mixture was 
stirred for 18 h. Silver triflate (642 mg, 2.5 mmol) was added to the reaction mixture. 
After stirring for 3 h, the reaction mixture filtered and washed by distilled water. H2O 
was removed in vacuo at 70 °C to give 18O2-labeled silver nitrite as a solid (269 mg, 70%). 
The 18O enrichment in AgN18O2 was not determined. 
 





The experimental procedure was according to the reference2. 
AgN18O2 (154 mg, 1 mmol) was added to iodoethane (80 µL, 1 mmol) at room 
temperature. The mixture was stirred at this temperature for 6 h. CH2Cl2 (6 mL) was 
added to the resulting mixture and the suspension was decanted to another flask. The 









To a mixture of nonanal (1 mmol) and 18O2-labeled nitroethane in CH2Cl2 (6 mL) was 
added Et3N (2 mmol, 40.4 mL) at room temperature under N2. After completion of the 
reaction, 1N HCl was added to the reaction mixture. Separated aqueous layer was 
extracted with EtOAc three times. Combined organic layer was dried over Na2SO4 and 
concentrated in vacuo after filtration. Purification by column chromatography gave 
18O2-labeled 2-nitroundecan-3-ol (124 mg, 56% in 2 steps) 
 








t -BuOH, 35 oC  
To a mixture of 18O2-labeled 2-nitroundecan-3-ol (0.5 mmol, 111 mg) and Ac2O (0.55 
mmol, 52 µL) in Et2O (2.5 mL) was added DMAP (0.5 mmol, 40.4 mL) at room 
temperature under N2. After completion of the reaction, aqueous NH4Cl was added to 
the mixture. Separated aqueous layer extracted with EtOAc three times. Combined 
organic layer was dried over Na2SO4 and concentrated in vacuo after filtration. The 
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crude material was used in the next reaction without further purification. t-BuOH (2.5 
mL) and K2CO3 were added to the crude acetate at 35 °C. After stirring for 2 h, the 
reaction was quenched by addition of saturated aqueous NH4Cl and extracted with 
EtOAc three times. Combined organic layer was dried over Na2SO4 and concentrated in 
vacuo. Purification by column chromatography gave 18O2-labeled 
(E)-2-nitroundec-2-ene. 
 (86.4 mg, 85%) in 2 steps. (The 18O incorporation was determined to be 89% from MS 
spectra) 
 
HRMS (ESI): Calcd for C11H21NO2Na18O2 [M+Na]+: 226.1550, Found: 226.1552; 
 
 
Procedure of the base-promoted transformation of nitroalkene to α, β−unsaturated 





70%, 90% incorporation of 18O  
MeCN (1 mL) and nitroalkene (59.8 mg, 0.3 mmol) were added to a flask and frozen in 
liquid nitrogen. The flask was placed under vacuum for 5 minutes. The vacuum was 
turned off, and 18O2 gas was flashed to the flask and warmed to rt. The procedure was 
repeated once again.  Once the solution had frozen, the 18O2 regulator needle was inserted 
through the septum, and the entire system was placed under high vacuum (0.3 Torr). 
The vacuum was turned off, and the 18O2 gas regulator was opened to allow its entry to 
the system under static vacuum, and until the regulator pressure gauge remained 
steady. To the solution of nitroalkene in 18O2 saturated MeCN was added DABCO (40.4 
mg, 0.36 mmol) in degassed MeCN (0.5 mL) at rt under 18O2 atmosphere. After 8 h, the 
reaction was quenched by the addition of saturated aq. NH4Cl (1.5 mL). The mixture 
was extracted with EtOAc (3 × 3 mL). The combined organic layers were washed with 
water, brine, dried (NaSO4), filtered and concentrated in vacuo. The residue was 
purified by flash chromatography on silica gel (EtOAc : hexane = 1 : 10) to give the 
corresponding α, β−unsaturated ketone (105 mg, 70%, 90% incorporation of 18O). 
 
18O Percentage Mass Spectrometry Calculation 
The 18O incorporation was determined by the following calculation: 
 
(16O ion intensity) x (predicted 18O ion natural abundance in the unlabeled compound) ⁄ 
100 =18O ion intensity expected in the unlabeled compound 
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(18O ion intensity) – (18O ion intensity expected in the unlabeled compound) = corrected 
18O ion intensity 
 
ion intensity 
(Corrected 18O ion intensity) / (Corrected 18O ion intensity + 16O ion intensity) x 100 = 
XX% (18O incorporation) 
 
Eq. 6 
18O ion intensity expected in the unlabeled compound = 11.2 x 11.9 / 100 = 1.33 
corrected 18O ion intensity = 100 – 1.33 = 98.67 
18O incorporation = 98.67 / (98.67 + 11.2) x 100 = 89.8% 
 
Typical procedure of the base-promoted transformation of nitroalkene to 
α, β−unsaturated ketone (Table 2) 
NO2
DABCO, O2
MeCN, rt O  
A flask was placed under vacuum. The vacuum was turned off, and the O2 gas was 
flashed to the flask. MeCN (1.5 mL) and nitroalkene (59.8 mg, 0.3 mmol) were added to 
the flask. To a solution of nitroalkene in MeCN was added DABCO (40.4 mg, 0.36 mmol) 
at rt under O2 atmosphere. After 8 h, the reaction was quenched by the addition of sat. 
aq. NH4Cl (1.5 mL). Separated aqueous layer was extracted with EtOAc (3 × 3 mL). The 
combined organic layers were washed with water, brine, dried (NaSO4), filtered and 
concentrated in vacuo. The residue was purified by flash chromatography on silica gel 





1H NMR (CDCl3) δ 0.87 (3H, t, J = 6.8 Hz), 1.22-1.38 (10H, m), 1.44-1.55 (2H, m), 2.15 
(3H, s) 2.22 (2H, dt, J = 7.6, 7.6 Hz), 7.12 (1H, t, J = 7.6 Hz);  
13C NMR (CDCl3) δ 12.5, 14.0, 22.6, 28.1, 28.3, 29.1 (2C), 29.3, 31.8, 136.4, 147.6; 
IR (neat) ν 2931, 2854, 1674, 1520, 1466, 1389, 1335, 1080, 956.5, 902.5, 840.8, 725.1 
cm−1; 
HRMS (ESI): Calcd for C11H21NO2NaO2 [M+Na]+: 222.1465, Found: 222.1466; 
 





1H NMR (CDCl3) δ 0.88 (3H, t, J = 8.6 Hz), 1.11 (3H, t, J = 7.2 Hz), 1.22-1.36 (12H, m), 
1.40-1.50 (2H, m), 2.21 (2H, dt, J = 7.6, 7.6 Hz), 2.60 (2H, q, J = 7.6 Hz), 7.05 (1H, t, J = 
7.6 Hz); 
13C NMR (CDCl3) δ 12.6, 14.0, 19.9, 22.6, 27.8, 28.5, 28.9, 29.1, 29.3, 31.8, 135.9, 153.1;  
IR (neat) ν 2931, 2854, 1520, 1465, 1335 cm−1; 
HRMS (ESI): Calcd for C12H23NO2Na [M+Na]+: 236.1616, Found: 236.1621; 
 
(Z)-tert-Butyldimethyl(7-nitooct-6-enyloxy)silane 
TBSO NO2  
1H NMR (CDCl3) δ 0.04 (6H, s), 0.89 (9H, s), 1.33-1.44 (2H, m), 1.47-1.58 (4H, m), 2.15 
(3H, s), 2.23 (2H, dt, J = 7.6, 7.6 Hz), 3.60 (2H, t, J = 6.4 Hz), 7.12 (1H, t, J = 7.6 Hz); 
13C NMR (CDCl3) δ -5.3 (2C), 12.5, 18.4, 25.6 (3C), 26.0, 28.1, 28.1, 32.5, 62.9, 136.2, 
147.7; 
IR (neat) ν 2939, 2862, 1674, 1520, 1466, 1389, 1335, 1257, 1103, 840, 779 cm−1; 
HRMS (ESI): Calcd for C14H29NO3SiNa [M+Na]+: 310.1809, Found: 310.1823; 
 
7-Nitrooct-6-enylbenzoate 
BzO NO2  
1H NMR (CDCl3) δ 1.45-1.65 (6H, m), 1.75-1.90 (2H, m), 2.16 (3H, s), 2.26 (2H, dt, J = 7.6, 
7.6 Hz), 4.33 (2H, t, J = 6.4 Hz), 7.12 (1H, t, J = 7.6 Hz), 7.44 (2H, t, J = 8.0 Hz), 7.56 (1H, 
dd, J = 8.4, 8.0 Hz), 8.03 (2H, d, J = 8.4 Hz); 
13C NMR (CDCl3) δ 12.5, 25.8, 28.0, 28.0, 28.5, 64.6, 128.4 (2C), 129.5 (2C), 130.4, 132.9, 
135.7, 147.8, 166.6; 
IR (neat) ν 2954, 1720, 1666, 1512, 1443, 1335, 1273, 1119, 1103, 709 cm−1; 
HRMS (ESI): Calcd for C15H19NO4Na [M+Na]+: 300.1206, Found: 300.1194; 
 
((7-Nitrohept-6-enyloxy)methyl)benzene 
BnO NO2  
1H NMR (CDCl3) δ 1.39-1.58 (5H, m), 1.60-1.70 (2H, m), 2.16 (3H, s), 2.23 (2H, dt, J = 7.6, 
7.6 Hz), 3.48 (2H, t, J = 6.4 Hz), 4.51 (2H, s), 7.12 (1H, t, J = 7.6 Hz), 7.27-7.40 (5H, m); 
13C NMR (CDCl3) δ 12.5, 26.0, 28.1, 28.2, 29.5, 70.0, 73.0, 127.5, 127.6, 128.4 (2C), 136.1 
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(2C), 138.5, 147.7; 
IR (neat) ν 2931, 2854, 2360, 1766, 1674, 1520, 1335, 1103, 732, 694 cm−1; 




1H NMR (CDCl3) δ 1.30-1.42 (3H, m), 1.46-1.65 (11H, m), 1.67-1.75 (1H, m), 1.77-1.87 
(1H, m), 2.16 (3H, s), 2.22 (2H, dt, J = 7.6, 7.6 Hz), 3.38 (1H, dt, J = 9.6, 6.8 Hz), 
3.47-3.53 (1H, m), 3.73 (1H, dt, J = 9.6, 6.8 Hz), 4.56-4.78 (1H, m), 7.13 (1H, t, J = 7.6 
Hz); 
13C NMR (CDCl3) δ 12.5, 19.7, 25.5, 26.1, 28.1, 28.3, 29.1, 29.2, 29.7, 30.8, 62.4, 67.6, 
98.9, 136.3, 147.6; 
IR (neat) ν 2931, 2862, 1674, 1520, 1335, 1034 cm−1; 






1H NMR (CDCl3) δ 2.06 (3H, s), 2.44 (1H, bdt, J = 4.4, 19.2 Hz ), 2.67-2.78 (1H, m), 2.92 (1H, 
ddt, J = 2.8, 8.8, 19.2 Hz),  4.11 (1H, dd, J = 6.8, 11.2 Hz), 4.17−4.20 (1H, m), 4.18 (1H, dd, J 
= 6.8, 11.2 Hz), 7.05 (2H, dd, J = 2.4, 9.2 Hz), 7.11-7.21 (3H, m), 7.28-740 (2H, m); 13C 
NMR (CDCl3) δ 20.8, 32.5, 46,4, 51.4, 65.8, 126.8 (2C), 127.4, 129.0 (2C), 137.7, 140.7, 
153.7, 170.9; IR (neat) ν 1740, 1510, 1362, 1236, 1036, 755.9, 701.0 cm−1; HRMS (ESI): 






1H NMR (CDCl3) δ 0.94 (9H, s), 1.09-1.20 (1H, m), 1.33-1.42 (1H, m), 1.88-1.92 (1H, m), 
2.17-2.32 (2H, m), 2.71-2.77(1H, m), 7.30-7.32 (1H, m); 
13C NMR (CDCl3) δ 22.4, 25.7 (3C), 25.8, 27.1, 32.4, 44.1, 133.9, 150.4; 
IR (neat) ν 2963, 2869, 1674, 1521, 1466, 1367, 1335, 1333, 705 cm−1; 
HRMS (ESI): Calcd for C10H17NO2Na [M+Na]+: 206.1151, Found: 206.1049; 
 
 (E)-Undec-3-en-2-one 
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O  
1H NMR (CDCl3) δ 0.87-0.91 (3H, m), 1.22-1.38 (8H, m), 1.42-1.55 (2H, m), 2.19-2.26 (5H, 
m), 6.07 (1H, dt, J = 15.6, 1.2 Hz), 6.80 (1H, dt, J = 15.6, 6.8 Hz); 
13C NMR (CDCl3) δ 14.0, 22.6, 26.8, 29.0 (2C), 29.1, 31.7, 32.5, 131.3, 148.6, 198.7; 
IR (neat) ν 2978, 2924, 1666, 1597, 1458, 1188, 1149, 1111 cm−1; 






1H NMR (CDCl3) δ 0.87 (3H, m), 1.08 (3H, t, J = 7.6 Hz), 1.20-1.36 (8H, m), 1.39-1.50 (2H, 
m), 2.19 (2H, q, J = 7.2 Hz), 2.54 (2H, dt, J = 7.2, 7.2 Hz), 6.07 (1H, dt, J = 16.0, 1.2 Hz), 
6.81 (1H, dt, J = 16.0, 7.2 Hz); 
13C NMR (CDCl3) δ 8.14, 14.0, 22.6, 28.1, 29.0, 29.1, 31.7, 32.4, 33.2, 130.0, 147.1, 201.2; 
IR (neat) ν 2931, 2854, 1697, 1674, 1628, 1458, 980 cm−1; 
HRMS (ESI): Calcd for C12H22ONaO [M+Na]+: 205.1563, Found: 205.1557; 
 
(E)-8-(tert-Butyldimethylsilyloxy)oct-3-en-2-on 
TBSO O  
1H NMR (CDCl3) δ 0.03 (6H, s), 0.88 (9H, s), 1.47-1.56 (5H, m), 2.23 (3H, s), 3.60 (3H, t, J 
= 5.6 Hz), 6.07 (1H, dt, J = 16.0, 1.6 Hz), 6.79 (1H, dt, J = 16.0, 6.8 Hz); 
13C NMR (CDCl3) δ -5.30 (2C), 18.4, 24.5, 26.0 (3C), 26.9, 32.2, 32.2, 62.7, 131.4, 148.4, 
198.8; 
IR (neat) ν 3001, 2954, 2870, 1736, 1697, 1620, 1566, 1481, 1435, 1419, 1350, 1203, 1165, 
1095 cm−1; 
HRMS (ESI): Calcd for C14H28NaO2Si [M+Na]+: 279.1751, Found: 279.1763; 
 
(E)-7-Oxooct-5-enylbenzoate 
BzO O  
1H NMR (CDCl3) δ 1.59-1.70 (2H, m), 1.77-1.88 (2H, m), 2.25 (3H, s), 2.32 (2H, dt, J = 7.2, 
7.2 Hz), 4.34 (2H, t, J = 6.4 Hz), 6.11 (1H, d, J = 16.0 Hz), 6.91 (1H, dt, J = 16.0, 6.8 Hz), 
7.45 (2H, t, J = 7.6 Hz), 7.57 (1H, dd, J = 7.6, 7.2 Hz), 8.07 (2H, d, J = 7.2 Hz); 
13C NMR (CDCl3) δ 24.6, 26.9, 28.3, 32.0, 64.5, 128.4 (2C), 129.5 (2C), 130.3, 131.7, 132.9, 
147.4, 166.6, 198.5; 
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IR (neat) ν 2939, 2862, 1720, 1674, 1273, 1110 cm−1; 
HRMS (ESI): Calcd for C15H18O3Na [M+Na]+: 269.1148, Found: 269.1158; 
 
(E)-8-(Benzyloxy)oct-3-en-2-one 
BnO O  
1H NMR (CDCl3) δ 1.55-1.69 (4H, m), 2.21-2.28 (5H, m), 3.48 (2H, t, J = 6.0 Hz), 4.50 (2H, 
s), 6.07 (1H, dt, J =16.0, 1.6 Hz), 6.79 (1H, dt, J = 16, 6.8 Hz), 7.26-7.37 (5H, m); 
13C NMR (CDCl3) δ 24.8, 26.9, 29.3, 32.2, 69.9, 73.0, 127.5, 127.6 (2C), 128.4 (2C), 131.5, 
138.5, 148.0, 198.6; 
IR (neat) ν 2931, 2861, 2360, 1674, 1628, 1358, 1257, 1103, 979, 740, 694 cm−1;  




1H NMR (CDCl3) δ 1.30-1.63 (12H, m), 1.66-1.75 (1H, m), 1.77-1.87 (1H, m), 2.18-2.24 
(5H, m), 3.37 (1H, dt, J = 10.0, 6.8 Hz), 3.45-3.53 (1H, m), 3.72 (1H, dt, J = 9.6, 6.8 Hz), 
3.82-3.90 (1H, m), 4.54-4.57 (1H, m), 6.06 (1H, dt, J = 16.0, 1.2 Hz), 6.78 (1H, dt, J = 16.0, 
6.8 Hz); 
13C NMR (CDCl3) δ 19.7, 25.5, 26.0, 26.8, 28.0, 29.0, 29.6, 30.8, 32.4, 62.4, 67.5, 98.9, 
131.3, 148.4, 198.7; 
IR (neat) ν 2978, 2924, 1674, 1126, 1034 cm−1; 









mixture of 2 isomer 
1H NMR (CDCl3) δ 0.92 (7H, s), 0.98 (2H, s), 1.69-1.90 (1H, m), 2.16-2.24 (2H, m), 
2.28-2.47 (1H, m), 2.48-2.58 (1H, m), 6.00-6.07 (1H, m), 6.98-7.05 (1H, m);  
13C NMR (CDCl3) δ major isomer : 27.0 (3C), 27.4, 32.3, 40.1, 45.3, 129.3, 150.7, 200.9; 
IR (neat) ν 2962, 2870, 1682 cm−1;  
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1H NMR (400 Hz, CDCl3) δ 2.03 (3H, s), 3.31-3.34 (2H, m), 4.25 (1H, dd, J = 10.8, 5.2 Hz), 
4.37 (1H, dd, J = 7.2, 5.2 Hz), 6.36 (1H, dd, J = 6.0, 1.6 Hz), 7.12 (1H, dd, J =6.0, 1.6 Hz), 
7.25-7.29 (2H, m), 7.32-7.35 (2H, m), 7.72 (1H, dd, J =6.0, 1.6 Hz); 
13C NMR (100 MHz, CDCl3) δ 20.8, 50.8, 55.1, 64.3, 127.4, 128.1 (2C), 129.1 (2C), 134.8, 
138.1, 162.8, 170.8, 207.8; 
IR (neat) ν 2957, 1740, 1706, 1234, 1033, 750, 699 cm-1; 
HRMS (ESI): Calcd for C14H14O3Na [M+Na]+: 253.0835, Found: 253.0846; 
 
















Et3N (62.4 µl, 0.45 mmol) was added to a solution of nonanal (51.4 µl, 0.3 mmol) and 
EtNO2 (32.2 µl, 0.45 mmol) in tBuOH (300 µl) at the room temperature under argon 
atmosphere. The resulting mixture was stirred for 14 h at room temperature, and then 
cooled to 0 °C. Et2O (400 µl), acetic anhydride (31.2 µl, 0.33 mmol) and 
4-dimethylaminopyridine (3.7 mg, 0.03 mmol) were added to the reaction mixture at 
this temperature. The resulting mixture was stirred for 30 min, and then warm up room 
temperature. K2CO3 (49.8 mg, 0.36 mmol) was added to the reaction mixture at this 
temperature. The resulting mixture was stirred for 4 h, DMF (1.5 ml) was added to the 
reaction mixture at this temperature under O2 atmosphere. After stirred for 19 h at 
room temperature, the reaction was quenched by the addition of saturated aqueous 
NH4Cl. The aqueous layer was extracted three times with AcOEt. The combined organic 
layer was washed with saturated aqueous NaCl, dried over Na2SO4, and concentrated 
under reduced pressure. Purification by silica gel column chromatography (Hexane : 





1H NMR (CDCl3) δ 1.34 (6H, br-s), 1.46-1.66 (8H, m), 1.68-1.74 (1H, m), 1.78-1.85 (1H, 
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m), 2.42 (2H, dt, J = 7.2, 1.2 Hz), 3.37 (1H, ddd, J = 13.2, 9.6, 6.8 Hz), 3.47-3.51 (1H, m), 
3.73 (1H, ddd, J = 13.6, 9.6, 6.8 Hz), 3.84-3.88 (1H, m), 4.56-4.57 (1H, m),9.76 (1H, s); 
13C NMR (CDCl3) δ 19.9, 22.2, 25.6, 26.2, 29.2, 29.3, 29.8, 30.9, 44.0, 62.5, 67.7, 99.0, 
203.1;  
IR (neat) ν 2935, 2857, 1725, 1033 cm−1; 







1H NMR (CDCl3) δ 1.34 (6H, br-s), 1.58-1.70 (4H, m), 2.45 (2H, dt, J = 7.6, 1.6 Hz), 3.67 
(2H, t, J = 7.6 Hz), 7.70 (2H, dd, J = 5.2, 3.2 Hz), 7.83 (2H, dd, J = 5.2, 3.2 Hz), 9.74 (1H, 
s); 
13C NMR (CDCl3) δ 22.1, 26.7, 28.6, 29.0, 29.1, 38.1, 44.0, 123.30, 132.3, 134.0, 168.6, 
202.9; 
IR (neat) ν 2933, 2857, 1771, 1713, 1396, 1064 cm−1; 





1H NMR (CDCl3) δ 1.33 (6H, br-s), 1.63 (4H, m), 2.42 (2H, t, J = 7.2 Hz), 2.61 (2H, t, J = 
7.6 Hz), 5.96 (1H, d, J = 2.8 Hz), 6.27 (1H, s), 7.29 (1H, s), 9.76 (1H, s); 
13C NMR (CDCl3) δ 22.2 28.0, 28.1, 29.0, 29.1, 29.2 44.0, 104.7, 110.2, 140.8, 156.6, 
203.0; 
IR (neat) ν 2930, 2856, 2718, 1725, 1507, 1147, 1006, 922, 884, 798 cm−1; 




1H NMR (CDCl3) δ 0.86-0.90 (3H, m), 1.27-1.30 (8H, br-s), 1.43-1.49 (2H, m), 2.19-2.24 
(5H, m), 6.06 (1H, dd, J = 16.0, 1.6 Hz), 6.80 (1H, dt, J = 16.0, 6.8 Hz); 
13C NMR (CDCl3) δ 14.2, 22.8, 27.0, 28.2, 29.2, 29.3, 31.9, 32.6, 131.4, 148.9, 199.0; 
IR (neat) ν 2927, 2855, 1676, 1360, 1253, 1183, 978 cm−1; 
HRMS (ESI): Calcd for C11H20NaO [M+Na]+: 191.1406, Found: 191.1411; 
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(E)-trideca-3,12-dien-2-one 
O  
1H NMR (CDCl3) δ 1.31 (6H, br-s), 1.36-1.41 (2H, m), 1.43-1.48 (2H, m), 2.01-2.07 (2H, 
m), 2,19-2.24 (5H, m), 4.93 (1H, d, J = 10.4 Hz), 4.99 (1H, d, J = 17.2 Hz), 5.81 (1H, ddt, J 
= 17.6, 10.4, 6.8 Hz), 6.07 (1H, d, J = 16.0 Hz), 6.80 (1H, dt, J = 16.0, 6.8 Hz); 
13C NMR (CDCl3) δ 27.0, 28.2, 29.0, 29.1, 29.3, 29.4, 32.6, 33.9, 114.4, 131.4, 139.2, 148.8, 
199.0; 
IR (neat) ν 2927, 2854, 1698, 1676, 1627, 1360, 1253, 979 cm−1; 
HRMS (ESI): Calcd for C13H22NaO [M+Na]+: 217.1563, Found: 217.1559; 
 
(E)-10-(tetrahydro-2H-pyran-2-yloxy)dec-3-en-2-one 
THPO O  
1H NMR (CDCl3) δ 1.34 (6H, br-s), 1.45-1.63 (6H, m), 1.65-1.74 (1H, m), 1.80-1.86 (1H, 
m), 2.20-2.24 (5H, m), 3.38 (1H, ddd, J = 13.6, 9.6, 6.8 Hz), 3.47-3.52 (1H, m), 3.71 (1H, 
ddd, J = 13.6, 9.6, 6.8 Hz), 3.83-3.88 (1H, m), 4.56-4.57 (1H, m), 6.07 (1H, d, J = 16.0 Hz), 
6.80 (1H, dt, J = 16.0, 6.8 Hz); 
13C NMR (CDCl3) δ 19.8, 25.6, 26.2, 27.0, 28.2, 29.2, 29.8, 30.9, 32.5, 62.6, 67.7, 99.1, 
131.5, 148.7, 198.9;  
IR (neat) ν 2936, 2858, 1675, 1033 cm−1; 








1H NMR (CDCl3) δ 1.36 (4H, br-s), 1.42-1.48 (2H, m), 1.62-1.72 (2H, m), 2.18-2.24 (5H, 
m), 3.68 (2H, t, J = 7.2 Hz), 6.05 (1H, d, J = 16.0 Hz), 6.78 (1H, dt, J = 16.0, 6.8 Hz), 7.71 
(2H, dd, J = 5.2, 3.2 Hz), 7.84 (2H, dd, J = 5.2, 3.2 Hz); 
13C NMR (CDCl3) δ 26.7, 27.0, 28.1, 28.6, 28.8, 32.5, 38.0, 123.3, 131.5, 132.3, 134.0, 
148.5, 168.6, 198.9; 
IR (neat) ν 2932, 2857, 1770, 1712, 1395 cm−1; 
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1H NMR (CDCl3) δ 1.32-1.37 (4H, m), 1.43-1.50 (2H, m), 1.60-1.66 (2H, m), 2.18-2.24 (5H, 
m), 2.61 (2H, t, J = 7.6 Hz), 5.96 (1H, d, J = 2.8 Hz), 6.06 (1H, d, J = 16.0 Hz), 6.27 (1H, t, 
J = 2.0 Hz), 6.79 (1H, dt, J = 16.0, 6.8 Hz), 7.29 (1H, t, J = 0.8 Hz); 
13C NMR (CDCl3) δ 27.0, 28.0, 28.1, 29.0, 32.5, 104.8, 110.2, 131.5, 140.8, 148.6, 156.6, 
198.9; 
IR (neat) ν 2931, 2857, 1674, 1254, 1147, 1007, 922, 884, 798 cm−1; 
HRMS (ESI): Calcd for C14H20NaO2 [M+Na]+: 243.1356, Found: 243.1362; 
 








In a round-bottomed flask fitted with a Dean and Stark trap were placed the 
4-phenylcyclohexanone (1.34 g 7.75 mmol), EtNO2 (4.1 ml, 58 mmol), 
N,N-dimethylethylenediamine (837 µl, 7.75 mmol) and benzene (19.3 ml) under argon 
atmosphere.  The resulting mixture was stirred for 24 h at reflux, the reaction 
quenched by under reduced pressure. Purification by silica gel column chromatography 





a ca. 1:1 mixture of diastereomers  
1H NMR (CDCl3) δ 1.66 (3H, d, J = 6.8 Hz), 1.71-1.87 (1H, m), 1.99-2.05 (1H, m), 
2.11-2.31(3H, m), 2.38-2.47 (1H, m), 2.73-2.85 (1H, m), 5.05 (1H, q, J = 6.8 Hz), 6.02 (1H, 
br-s), 7.20-7.24 (3H, m), 7.30-7.34 (2H, m); 
13C NMR (CDCl3) δ 17.0, 17.4, 24.8, 25.2, 29.4, 29.5, 33.3, 33.6, 39.4, 39.6, 88.0, 88.2, 
126.4, 126.9, 128.6, 129.3, 129.7, 133.0, 146.1, 146.2; 
IR (neat) ν 3026, 2919, 1544, 1382, 1273, 1029, 699 cm−1; 





a ca. 1:1 mixture of diastereomers  
1H NMR (CDCl3) δ 0.91-0.98 (3H, m), 1.72-1.81 (1H, m), 1.85-1.96 (1H, m), 1.96-2.06 (1H, 
m), 2.15-2.26 (4H, m), 2.35-2.45 (1H, m), 2.69-2.84 (1H, m), 4.80 (1H, t, J = 7.6 Hz), 6.02 
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(1H, m), 7.18-7.21 (3H, m), 7.28-7.32 (2H, m); 
13C NMR (CDCl3) δ 10.7, 24.1, 24.6, 25.0, 29.5, 29.6, 33.3, 33.6, 39.4, 39.7, 95.1, 126.4, 
126.9, 128.6, 130.5, 130.7, 132.0, 146.1, 146.2; 
IR (neat) ν 3059, 3030, 2933, 1661, 1418, 1221, 1076, 916, 704 cm−1; 
HRMS (ESI): Calcd for C15H19NNaO2 [M+Na]+: 268.1308, Found: 268.1316; 
 
Typical procedure of the base-promoted transformation of nitroalkane to 









tBuOK (100.1 mg, 0.30 mmol) was added to a solution of (73.6 mg, 0.3 mmol) in DMF 
(3.0 ml) at the room temperature under O2 atmosphere. After stirred for 4 h at room 
temperature, the reaction was quenched by the addition of saturated aqueous NH4Cl at 
0 °C. The aqueous layer was extracted three times with Et2O. The combined organic 
layer was washed with water, saturated aqueous NaCl, dried over Na2SO4, and 
concentrated under reduced pressure. Purification by silica gel column chromatography 





1H NMR (CDCl3) δ 1.73 (1H, dq, J = 12.0, 5.2 Hz), 2.04-2.10 (1H, m), 2.22-2.33 (1H, m), 
2.34 (3H, s), 2.38-2.45 (1H, m), 2.57 (1H, br-s), 2.61-2.63 (1H, m), 2.78-2.85 (1H, m), 7.01 
(1H, t, J = 3.0 Hz), 7.24-7.28 (3H, m), 7.35 (2H, t, J = 7.6 Hz); 
13C NMR (CDCl3) δ 23.8, 25.4, 29.3, 34.2, 39.3, 126.4, 126.9, 128.6, 139.5, 140.3, 146.0, 
199.2; 
IR (neat) ν 3027, 2930, 1666, 138, 1248, 700 cm−1; 





1H NMR (CDCl3) δ 1.19 (3H, t, J = 7.6 Hz), 1.66-1.77 (1H, m), 2.21-2.42 (2H, m), 
2.52-2.60 (2H, m), 2.70 (2H, q, J = 7.2 Hz), 2.75-2.83 (1H, m), 6.96-6.98 (1H, m), 
7.20-7.24 (3H, m), 7.30-7.34 (2H, m); 
13C NMR (CDCl3) δ 8.8, 24.1, 29.4, 30.4, 34.2, 39.5, 126.5, 126.9, 128.7, 138.7, 138.9, 
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146.2, 201.9; 
IR (neat) ν 3026, 2933, 1546, 1453, 1365, 700 cm−1; 





1H NMR (CDCl3) δ 1.41-1.47 (2H, m), 1.51-1.57 (2H, m), 1.75-1.81 (2H, m), 2.30 (3H, s), 
2.32-2.67 (2H, m), 2.47-2.50 (2H, m), 7.08 (1H, t, J = 6.8 Hz); 
13C NMR (CDCl3) δ 25.3, 25.6, 25.9, 26.2, 29.3, 32.4, 145.8, 146.7, 199.4; 
IR (neat) ν 2921, 2851, 1665, 1448, 1386, 1350, 1280, 1253, 1198 cm−1; 





1H NMR (CDCl3) δ 1.38-1.48 (4H, m), 1.49-1.57 (2H, m), 1.59-1.66 (2H, m), 2.31 (3H, s), 
2.35 (2H, dt, J = 8.4, 6.4 Hz), 2.42-2.45 (2H, m), 6.87 (1H, t, J = 8.4 Hz); 
13C NMR (CDCl3) δ 23.5, 25.6, 26.2, 26.7, 27.7, 29.2, 29.3, 143.2, 143.8, 199.3; 
IR (neat) ν 2925, 1666, 1447, 1285, 1199 cm−1; 
HRMS (ESI): Calcd for C10H16NaO [M+Na]+: 175.1093, Found: 175.1093; 
 
 
Typical procedure of the base-promoted transformation of nitroalkane to ketone (Table 







DMF (1 mL) and nitroalkane (40 mg, 0.21 mmol) were added to a flask filled with O2. To 
the solution of nitroalkane in DMF was added DBU (37.7 µL, 0.25 mmol) at rt under O2 
atmosphere. After 2 h, the reaction was quenched by the addition of saturated aq. 
NH4Cl (1.5 mL). The mixture was extracted with EtOAc (3 × 3 mL). The combined 
organic layers were washed with water, brine, dried (NaSO4), filtered and concentrated 
in vacuo. The residue was purified by flash chromatography on silica gel (EtOAc : 
hexane = 1 : 10) to give the corresponding  ketone (31 mg, 91%). 
 
Typical procedure of the base-promoted transformation of nitroalkane to ketone (Table 
6, Method B) 







DMF (1 mL) and nitroalkane (40 mg, 0.21 mmol) were added to a flask and frozen in 
liquid nitrogen. The flask was placed under vacuum for 5 minutes. The vacuum was turned off, and 
O2 gas was flashed to the flask and warmed to rt. The procedure was repeated once again. DMF was 
allowed to stir under O2 for 1.5 h at rt. To the solution of nitroalkane in O2 saturated DMF 
was added t-BuOK (28 mg, 0.25 mmol) at rt under O2 atmosphere. After 20 min, the 
reaction was quenched by the addition of saturated aq. NH4Cl (1.5 mL). The mixture 
was extracted with EtOAc (3 × 3 mL). The combined organic layers were washed with 
water, brine, dried (NaSO4), filtered and concentrated in vacuo. The residue was 
purified by flash chromatography on silica gel (EtOAc : hexane = 1 : 10) to give the 







To a solution of nitroalkene (191 mg, 1 mmol) in THF(5 mL) and MeOH (500 µL)was 
added NaBH4 (45 mg, 1.2 mmol) at 0 °C under O2 atmosphere. After 2 h, the reaction 
was quenched by the addition of sat. aq. NH4Cl (1.5 mL). The mixture was extracted 
with EtOAc (3 × 3 mL). The combined organic layers were washed with water, brine, 
dried (NaSO4), filtered and concentrated in vacuo. The residue was purified by flash 
chromatography on silica gel (EtOAc : hexane = 1 : 10) to give the corresponding  ketone 
(174 mg, 90%). 
 
1H NMR (400 Hz, CDCl3) δ 1.51 (3H, d, J = 6.8 Hz), 1.62-1.70 (2H, m), 1.71-1.78 (1H, m), 
1.98-2.09 (1H, m), 2.65 (2H, t, J = 7.2 Hz), 4.52-4.61 (1H, m), 7.14-7.16 (2H, m), 7.17-7.22 
(1H, m), 7.26-7.31 (2H, m); 
13C NMR (100 MHz, CDCl3) δ 19.4, 27.5, 34.7, 35.2, 83.5, 126.3, 128.5 (2C), 128.6 (2C), 
141.3; 
IR (neat) ν 3026, 2938, 1547, 1496, 1452, 1389, 1359 cm-1; 






1H NMR (400 Hz, CDCl3) δ 0.04 (6H, s), 0.89 (9H, s), 1.33 (6H, m), 1.46-1.53 (2H, m), 
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1.55 (3H, d, J = 15.6 Hz), 1.66-1.74 (1H, m), 1.95-2.04 (1H, m), 3.59 (2H, t, J = 6.4 Hz), 
4.55 (1H, ddq, J = 12.4, 8.4, 6.8 Hz); 
13C NMR (100 MHz, CDCl3) δ -5.1 (2C), 18.5, 19.4, 25.7, 25.8, 26.1 (3C), 28.9, 32.8, 35.3, 
63.3, 83.9; 
IR (neat) ν 2931, 1552, 1463, 1389, 1360, 1255, 1099, 836 cm-1; 






1H NMR (400 Hz, CDCl3) δ 1.30 (10H, m), 1.52 (3H, d, J = 6.4 Hz), 1.53-1.60 (6H, m), 
1.64-1.74 (2H, m), 1.78-1.86 (1H, m), 1.94-2.04 (1H, m), 3.37 (1H, dt, J = 9.6, 6.8 Hz), 
3.47-3.52 (1H, m), 3.72 (1H, dt, J = 9.6, 6.8 Hz), 3.84-3.89 (1H, m), 4.51-4.59 (2H, m); 
13C NMR (100 MHz, CDCl3) δ 19.3, 19.9, 25.6, 25.8, 26.3, 29.0, 29.3, 29.4, 29.8, 30.9, 35.3, 
62.5, 67.8, 83.7, 99.0; 
IR (neat) ν 2933, 2856, 1551, 1455, 1389, 1355, 1200, 1120, 1077, 1033 cm-1; 






1H NMR (400 Hz, CDCl3) δ 1.25-1.47 (6H, m), 1.52 (3H, d, J = 6.8 Hz), 1.67-1.80 (2H, m), 
1.96-2.06 (1H, m), 4.31 (2H, t, J = 6.8 Hz), 4.51-4.60 (1H, m), 7.44 (2H, t, J = 7.6 Hz), 
7.56 (1H, t, J = 7.6 Hz), 8.04 (2H, dd, J = 7.6, 1.2 Hz); 
13C NMR (100 MHz, CDCl3) δ 19.4, 25.7, 25.9, 28.7, 28.8, 35.2, 65.0, 83.6, 128.5 (2C), 
129.7 (2C), 130.6, 133.0, 166.8; 
IR (neat) ν 2920, 2851, 1714, 1548, 1454, 1274, 1111 cm-1; 





1H NMR (400 Hz, CDCl3) δ 1.27 (14H ,br-s), 1.52 (3H, d, J = 6.8 Hz), 1.16-1.74 (1H, m), 
1.95-2.06 (3H, m), 4.50-4.62 (1H, m), 4.93 (1H, dd, J = 10.4, 1.2 Hz), 4.99 (1H, dd, J = 
17.2, 1.2 Hz), 5.81 (1H, ddt, J = 17.2, 10.4, 6.4 Hz); 
13C NMR (100 MHz, CDCl3) δ 19.4, 25.8, 29.0, 29.1, 29.2, 29.4, 29.5 (2C), 33.9, 35.2, 83.7, 
114.3, 139.3; 
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IR (neat) ν 2926, 2854, 1551, 1458, 1389, 1358, 961 cm-1; 
HRMS (ESI): Calcd for C13H25NO2Na [M+Na]+: 250.1778, Found: 250.1773; 
 









To a stirred solution of the alcohol1) (105 mg, 0.5 mmol) in CH2Cl2 (1 mL) were added 
TBSCl (113 mg, 0.75 mmol) and immidazole (68 mg, 1 mmol) at 0 °C. After 2 h, the 
reaction was quenched by the addition of pH7 phosphate buffer (2 mL) and extracted 
with EtOAc (3 × 3 mL). The combined organic layers were washed with brine, dried 
(MgSO4), filtered and concentrated in vacuo. The residue was purified by flash 
chromatography on silica gel (EtOAc : hexane = 1 : 20) to give the corresponding silyl 
ether (152 mg, 94%). 
 
1H NMR (400 Hz, CDCl3) δ -0.07 (3H, s), -0.08 (3H, s), 0.84 (9H, s), 1.29 (3H, d, J = 6.8 
Hz), 1.82 (1H, d, J = 6.8 Hz), 1.86 (1H, d, J = 7.2 Hz), 3.20-3.38 (2H, m), 3.43 (1H, dt, J = 
10.4, 5.2 Hz), 4.74 (1H, m), 7.13-7.16 (2H, m), 7.17-7.22 (1H, m), 7.26-7.30 (2H, m); 
13C NMR (100 MHz, CDCl3) δ -5.5 (2C), 17.8, 18.1, 25.8 (3C), 35.2, 46.7, 59.8, 88.0, 127.5, 
128.4 (2C), 128.8 (2C), 138.2; 
IR (neat) ν 2953, 2856, 1551, 1471, 1387, 1359, 1255, 1102, 939, 834, 775, 702 cm-1; 
HRMS (ESI): Calcd for C17H29NNaO3Si [M+Na]+: 346.1814, Found: 346.1810; 
[α]D26 20.2 (c 0.62 CHCl3) 
93% ee 
Enantiomeric excess was determined after the deprotection of TBS group by HPLC 
using a Chiralpak OD-H column (30/1 hexane/i-PrOH; flow rate 1.0 mL/min, mior 








1H NMR (400 Hz, CDCl3) δ 1.25 (3H, t, J = 7.2 Hz), 1.62-1.71 (2H, m), 1.72-1.80 (1H, m), 
1.96-2.12 (2H, m), 2.15-2.24 (1H, m), 2.30-2.41 (2H, m), 2.64 (2H, t, J = 7.2 Hz), 4.14 (3H, 
q, J = 7.2 Hz), 4.52-4.62 (1H, m), 7.13-7.16 (2H, m), 7.15-7.22 (1H, m), 7.26-7.30 (2H, m); 
13C NMR (100 MHz, CDCl3) δ 14.3, 27.5, 28.7, 30.3, 33.4, 35.1, 61.0, 87.8, 126.3, 128.5 
(2C), 128.6 (2C), 141.1, 172.0; 
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1H NMR (400 Hz, CDCl3) δ 1.62-1.79 (3H, m), 1.96-2.11 (4H, m), 2.14(2H, s), 2.39-2.53 
(2H, m), 2.64 (2H, t, J = 7.6 Hz), 4.47-4.54 (1H, m), 7.13-7.16 (2H, m), 7.17-7.22 (1H, m), 
7.26-7.30 (2H, m); 
13C NMR (100 MHz, CDCl3) δ 27.5 (2C), 30.2, 33.5, 35.1, 39.1, 87.9, 126.3, 128.5 (2C), 
128.6 (2C), 141.2, 206.6; 
IR (neat) ν 3026, 2923, 1714, 1546, 1495, 1454, 1360, 1168 cm-1; 






1H NMR (400 Hz, CDCl3) δ 1.91 (2H, tt, J = 7.2, 7.2 Hz), 2.11 (3H, s), 2.43 (2H, d, J = 7.2 
Hz), 2.62 (2H, d, J = 7.2 Hz), 7.15-7.35 (5H, m); 
13C NMR (100 MHz, CDCl3) δ 25.3, 26.2, 30.1, 34.5, 35.1, 35.7, 42.9, 126.1, 128.5 (2C), 
128.6 (2C), 141.7, 208.9; 
IR (neat) ν 3026, 2937, 1714, 1543, 1496, 1454, 1367, 1159, 746, 700 cm-1; 






1H NMR (400 Hz, CDCl3) δ 0.04 (6H, s), 0.88 (9H, s), 1.25-1.40 (xH, m), 1.50 (2H, quint, 
J = 6.8 Hz), 1.57 (2H, quint, J = 7.2 Hz), 2.13 (3H, s), 2.41 (2H, t, J = 7.6 Hz), 3.59 (2H, t, 
J = 6.8 Hz); 
13C NMR (100 MHz, CDCl3) δ -5.14, 18.5, 24.0, 25.8, 26.1, 29.1, 30.0, 32.8, 43.9, 63.3, 
209.5; 
IR (neat) ν 2930, 1718, 1472, 1361, 1255, 1101 836 cm-1; 
HRMS (ESI): Calcd for C14H30O2SiNa [M+Na]+: 281.1907, Found: 281.1907; 
 
10-(Tetrahydro-2H-pyran-2-yloxy)decan-2-one 




1H NMR (400 Hz, CDCl3) δ 1.29 (10H, m), 1.53-1.57 (4H, m), 1.67-1.73 (2H, m), 1.79-1.86 
(2H, m), 2.12 (3H, s), 2.40 (2H, t, J = 7.2 Hz), 3.37 (1H, dt, J = 9.2, 6.8 Hz), 3.46-3.50 (1H, 
m), 3.71 (1H, dt, J = 9.2, 6.8 Hz), 3.83-3.88 (1H, m), 4.56 (1H, br-s); 
13C NMR (100 MHz, CDCl3) δ 19.8, 24.0, 25.6, 26.3, 29.2, 29.4, 29.5, 29.8, 30.0, 30.9, 43.9, 
62.5, 67.8, 99.0, 209.5; 
IR (neat) ν 2933, 1716, 1354, 1121, 1078, 1033 cm-1; 






1H NMR (400 Hz, CDCl3) δ 1.33-1.40 (2H, m), 1.42-1.50 (2H, m), 1.56-1.64 (2H, m), 
1.72-1.87 (2H, m), 2.13 (3H, s), 2.43 (2H, t, J = 7.6 Hz), 4.31 (2H, t, J = 6.8 Hz), 7.44 (2H, 
t, J = 7.6 Hz), 7.55 (1H, t, J = 7.6 Hz), 8.04 (2H, d, J = 7.2 Hz); 
13C NMR (100 MHz, CDCl3) δ 23.8, 26.0, 28.7, 28.9, 30.0, 43.8, 65.1, 128.5 (2C), 129.6 
(2C), 130.6, 133.0, 166.8, 209.2; 
IR (neat) ν 2936, 1715, 1451, 1275, 1175, 1118, 1070 cm-1; 





1H NMR (400 Hz, CDCl3) δ 1.67 (10H, br-s), 1.33-1.38 (2H, m), 1.51-1.61 (2H, m), 
1.98-2.13 (2H, m), 2.13 (3H, s), 2.41 (2H, t, J = 7.6 Hz), 4.92 (1H, dd, J = 10.0, 1.2 Hz), 
4.99 (1H, dd, J = 17.2, 1.6 Hz), 5.81 (1H, ddt, J = 17.2, 10.0, 7.6 Hz); 
13C NMR (100 MHz, CDCl3) δ 29.1, 29.2 (2C), 29.3, 29.5 (2C), 29.6, 30.0, 33.9, 44.0, 114.3, 
139.4, 209.6; 
IR (neat) ν 2925, 2853, 1718, 1464, 1359, 1164, 909 cm-1; 






1H NMR (400 Hz, CDCl3) δ -0.01 (6H, s), 0.87 (9H, s), 1.75-1.87 (1H, m), 2.05 (3H, s), 
2.20-2.35 (1H, m), 3.42 (1H, ddd, J = 10.4, 5.2, 2.4 Hz), 3.54 (1H, dt, J = 10.4, 5.2 Hz), 
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3.88 (1H, t, J = 7.2 Hz), 7.16-7.40 (5H, m); 
13C NMR (100 MHz, CDCl3) δ -5.4 (2C), 18.2, 25.8 (3C), 29.1, 34.7, 55.5, 60.35, 127.1, 
128.4 (2C), 128.8 (2C), 138.7, 208.3; 
IR (neat) ν 2928, 2856, 1714, 1492, 1471, 1355, 1254, 1104, 835, 776, 700 cm-1; 
HRMS (ESI): Calcd for C17H28NaO2Si [M+Na]+: 315.1756, Found: 315.1747; 
89% ee 
[α]D26 103.8 (c 0.80 CHCl3) 
Enantiomeric excess was determined by HPLC using a Chiralpak OD-H column (200/1 
hexane/i-PrOH; flow rate 1.0 mL/min, mior enantiomer; tR = 4.8 min, major enantiomer; 








1H NMR (400 Hz, CDCl3) δ 1.25 (3H, t, J = 7.2 Hz), 1.93 (2H, quintet, 7.6 Hz), 2.46 (2H, t, 
J = 7.6 Hz), 2.56 (2H, t, J = 6.8 Hz), 2.62 (2H, t, J = 7.6 Hz), 2.69 (2H, t, J = 6.8 Hz), 4.12 
(2H, q, J = 7.2 Hz), 7.16-7.20 (3H, m), 7.26-7.30 (2H, m); 
13C NMR (100 MHz, CDCl3) δ 14.3, 25.3, 28.1, 35.2, 37.3, 42.0, 60.8, 126.1, 128.5 (2C), 
128.6 (2C), 141.7, 173.0, 208.9; 
IR (neat) ν 2935, 1732, 1715, 1372, 1180, 1097, 748, 700 cm-1; 







1H NMR (400 Hz, CDCl3) δ 1.92 (2H, quintet, J = 7.6 Hz), 2.18 (3H, s), 2.47 (2H, t, J = 
7.2 Hz), 2.60-2.65 (4H, m), 2.68-2.72 (2H, m), 7.16-7.20 (3H, m), 7.26-7.30 (2H, m); 
13C NMR (100 MHz, CDCl3) δ 25.4, 30.1, 35.2, 36.2, 37.2, 42.0, 126.1, 128.5 (2C), 128.6 
(2C), 141.7, 207.4, 209.4; 
IR (neat) ν 3026, 2935, 1713, 1366, 1168, 1099, 749 cm-1; 
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1H NMR (400 Hz, CDCl3) δ 0.80-0.89 (2H, m), 0.96-1.04 (2H, m), 1.84-2.00 (3H, m), 2.56 
(2H, t, J = 7.2 Hz), 2.63 (2H, t, J = 7.6 Hz), 7.14-7.20 (3H, m), 7.22-7.32 (2H, m); 
13C NMR (100 MHz, CDCl3) δ 10.5, 20.3, 25.4, 35.1, 42.6, 125.8, 128.3 (2C), 128.4 (2C), 
141.7, 210.7; 
IR (neat) ν 3025, 2931, 1696, 1495, 1453, 1388, 1194, 1086, 1014, 902, 738, 699 cm-1; 
HRMS (ESI): Calcd for C13H16ONa [M+Na]+: 211.1099, Found: 211.1093; 
 









CH2Cl2, rt  
To a stirred solution of alcohol4 (562 mg, 2.9 mmol) in CH2Cl2 (15 mL) were added 
imidazole (480 mg, 7 mmol), PPh3 (920 mg, 3.5 mmol), and I2 (890 mg, 3.5 mmol) 
sequentially at room temperature. After 30 min, the reaction was quenched by the 
addition of sat. aq. Na2S2O3 (15 mL). Separated aqueous layer extracted with CH2Cl2 (3 
× 3 mL). The combined organic layers were washed with sat. aq. Na2S2O3, brine, dried 
(MgSO4), filtered and concentrated in vacuo. The residue was purified by flash 
chromatography on silica gel (EtOAc : hexane = 1 : 20) to give the corresponding iodide 
(832 mg, 95%) as a colourless oil. 
1H NMR (CDCl3) δ 0.26 (1H, ddd, J = 5.6, 5.6, 5.6 Hz), 0.99 (1H, ddd, J = 8.4, 8.4, 5.6 Hz), 
1.40-.1.60 (2H, m), 3.18 (1H, dd, J = 9.2, 9.2 Hz), 3.32 (1H, dd, J = 10.0, 7.2 Hz), 3.47 (1H, 
dd, J = 10.4, 7.2 Hz), 3.60 (1H, dd, J = 10.4, 6.0 Hz), 4.50 (1H, d, J = 12.0 Hz), 4.55 (1H, d, 
J = 12.0 Hz), 7.21-7.35 (5H, m); 
13C NMR (CDCl3) 8.3, 14.3, 20.6, 21.5, 68.8, 72.9, 127.6, 127.7 (2C), 128.4 (2C), 138.1; 
IR (neat) ν 3063, 3026, 2856, 1495, 1453, 1381, 1365, 1175, 1158, 1093, 1027, 1002, 736, 
697 cm−1; 
HRMS (ESI): [M+Na]+ calcd for C12H15NaOI: 325.0065, found: 325.0062; 








DMF, rt  
To a stirred solution of iodide (302 mg, 1 mmol) in DMF (5 mL) was added NaNO2 (104 
mg, 1.5 mmol) at room temperature. After 30 min, the reaction was quenched by the 
addition of sat. aq. Na2S2O3 (5 mL) and extracted with EtOAc (3 × 3 mL). The combined 
organic layers were washed with water, brine, dried (MgSO4), filtered and concentrated 
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in vacuo. The residue was purified by flash chromatography on silica gel (EtOAc : 
hexane = 1 : 10) to give nitroalkane (100 mg, 45%) as a pale yellow oil. 
1H NMR (CDCl3) δ 0.49 (1H, ddd, J = 5.6, 5.6, 5.6 Hz), 1.00 (1H, ddd, J = 8.4, 8.4, 5.6 Hz), 
1.40-.1.51 (1H, m), 1.55-1.67 (1H, m), 3.29 (1H, dd, J = 10.4, 8.0 Hz), 3.75 (1H, dd, J = 
10.8, 5.6 Hz), 4.25, (1H, dd, J = 14.0, 8.4 Hz), 4.44 (1H, d, J = 12.0 Hz), 4.50-4.60 (2H, m), 
7.22-7.40 (5H, m); 
13C NMR (CDCl3) 8.7, 13.1, 16.0, 69.0, 72.9, 76.0, 127.7, 127.8 (2C), 128.4 (2C), 137.7; 
IR (neat) ν 3062, 3029, 2863, 1552, 1496, 1454, 1397, 1369, 1266, 1076, 1028, 737, 699 
cm−1; 
HRMS (ESI): [M+Na]+ calcd for C12H15NNaO3: 244.0950, found: 244.0951; 
















To a stirred solution of nitroalkane (184 mg, 0.83 mmol) in CH2Cl2 (8.3 mL) were added 
3-phenylpropionaldehyde (168 µL, 0.83 mmol) and Et3N (348 µL, 2.5 mmol) at room 
temperature. After 24 h, the reaction was quenched by the addition of 1N HCl (3 mL) 
and extracted with EtOAc (3 × 3 mL). The combined organic layers were washed with 
water, brine, dried (MgSO4), filtered and concentrated in vacuo to give the 
corresponding nitroalcohol which was used without further purification.  
 To a stirred solution of crude nitroalcohol in Et2O (8.3 mL) were added Ac2O (92 µL, 
0.91 mmol) and DMAP (5 mg, 2.5 mmol) at room temperature. After 10 min., the 
reaction was quenched by the addition of sat. aq. NH4Cl (5 mL) and extracted with 
EtOAc (3 × 3 mL). The combined organic layers were washed with water, brine, dried 
(MgSO4), filtered and concentrated in vacuo to give the corresponding compound which 
was used without further purification. 
 To a stirred solution of crude nitroalcohol in tBuOH (8.3 mL) was added K2CO3 (229 mg, 
1.7 mmol) and at 35 °C. After 4 h, the reaction was quenched by the addition of sat. aq. 
NH4Cl (5 mL) and extracted with EtOAc (3 × 3 mL). The combined organic layers were 
washed with brine, dried (MgSO4), filtered and concentrated in vacuo. The residue was 
purified by flash chromatography on silica gel (EtOAc : hexane = 1 : 10) to give 
nitroalkene (148 mg 0.44 mmol, 53% in 3 steps) as diastereomer mixture (dr=2 : 1). 
 
a ca. 3.1:1 mixture of diastereomers  
major isomer 
- 122 - 
1H NMR (CDCl3) δ 0.58 (1H, ddd, J = 5.6, 5.6, 5.6 Hz), 1.20-1.29 (1H, m), 1.42-.1.62 (1H, 
m), 1.79-1.85 (1H, m), 2.60-2.82 (4H, m), 3.09 (1H, dd, J = 10.0, 7.2 Hz), 3.32 (1H, dd, J = 
10.0, 6.4 Hz), 4.36 (2H, s), 7.15 (1H, dd, J = 8.0, 6.8 Hz), 7.22-7.40 (10H, m); 
13C NMR (CDCl3) 11.3, 12.9, 17.4, 29.3, 34.4, 69.7, 72.9, 126.4, 127.7 (2C), 127.8 (2C), 
128.4 (2C), 128.5 (2C), 128.6, 137.6, 138.0, 140.1, 150.5; 
IR (neat) ν 3061, 3026, 2925, 2857, 1736, 1635, 1602, 1521, 1496, 1453, 1339, 1092, 1028, 
740, 699 cm−1; 
HRMS (ESI): [M+Na]+ calcd for C21H23NNaO3: 360.1576, found: 360.1579; 
Rf = 0.3 (EtOAc : hexane = 1 : 6) 
 
minor isomer 
1H NMR (CDCl3) δ 0.50 (1H, ddd, J = 5.6, 5.6, 5.6 Hz), 1.07 (1H, ddd, J = 8.4, 8.4, 5.6 Hz), 
1.42-.1.68 (2H, m), 2.60-2.82 (4H, m), 3.17 (1H, dd, J = 10.4, 8.0 Hz), 3.30 (1H, m), 4.38 
(2H, s), 7.06 (1H, dt, J = 7.6, 2.0 Hz), 7.22-7.40 (10H, m); 
13C NMR (CDCl3) 9.0, 12.9, 18.1, 29.6, 34.7, 69.3, 72.9, 126.4, 127.7 (2C), 127.8 (2C), 
128.4 (2C), 128.5 (2C), 128.6, 137.6, 138.0, 140.1, 150.5; 
IR (neat) ν 3061, 3026, 2925, 2857, 1736, 1635, 1602, 1521, 1496, 1453, 1339, 1092, 1028, 
740, 699 cm−1; 
HRMS (ESI): [M+Na]+ calcd for C21H23NNaO3: 360.1576, found: 360.1579; 











To a stirred solution of nitroalkene (169 mg, 0.5 mmol) in THF (5 mL) and MeOH (0.5 
mL) was added NaBH4 (18.9 mg, 0.5 mmol) at 0 °C. After 20 min, the reaction was 
quenched by the addition of pH7 phosphate buffer (5 mL) and extracted with EtOAc (3 × 
3 mL). The combined organic layers were washed with water, brine, dried (MgSO4), 
filtered and concentrated in vacuo. The residue was purified by flash chromatography 
on silica gel (EtOAc : hexane = 1 : 10) to give nitroalkane (122 mg, 72%) as diastereomer 
mixture (dr=1.5 : 1). 
 
a ca. 1.5:1 mixture of diastereomers 
major isomer 
1H NMR (CDCl3) δ 0.48 (1H, ddd, J = 5.6, 5.6, 5.6 Hz), 0.87 (1H, ddd, J = 8.8, 8.8, 5.6 Hz), 
1.40-.1.50 (2H, m), 1.55-1.65 (2H, m), 2.00-2.25 (2H, m), 2.48-2.60 (2H, m), 3.18 (1H, dd, 
J = 10.8, 8.8 Hz), 3.76 (1H, dd, J = 10.8, 4.8 Hz), 4.04 (1H, dt, J = 10.0, 4.0 Hz), 4.35-4.52 
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(2H, m) 7.05-7.40 (10H, m); 
13C NMR (CDCl3) 8.4, 17.2, 20.0, 27.6, 34.0, 35.1, 69.5, 73.0, 89.6, 125.9, 127.7 (2C), 
127.8 (2C), 128.2, 128.3 (2C), 128.4 (2C), 137.7, 141.2; 
IR (neat) ν 3063, 3026, 2928, 2861, 1549, 1495, 1453, 1374, 1217, 1076, 1028, 753, 699 
cm−1; 
HRMS (ESI): [M+Na]+ calcd for C21H25NNaO3: 362.1732, found: 362.1732; 
Rf = 0.31 (EtOAc : hexane = 1 : 6) 
 
minor isomer 
1H NMR (CDCl3) δ 0.35 (1H, ddd, J = 5.6, 5.6, 5.6 Hz), 0.97 (1H, ddd, J = 8.8, 8.8, 5.6 Hz), 
1.40-.1.50 (2H, m), 1.55-1.65 (2H, m), 2.00-2.25 (2H, m), 2.60-2.68 (2H, m), 3.46 (1H, dd, 
J = 10.4, 6.8 Hz), 3.56 (1H, dd, J = 10.4, 5.6 Hz), 4.12-4.22 (1H, m), 4.35-4.52 (2H, m) 
7.05-7.40 (10H, m); 
13C NMR (CDCl3) 8.4, 16.1, 18.6, 27.3, 34.5, 35.1, 68.6, 73.0, 88.2, 125.9, 127.7 (2C), 
127.8 (2C), 128.2, 128.3 (2C), 128.4 (2C), 137.7, 141.2; 
IR (neat) ν 3063, 3026, 2928, 2861, 1549, 1495, 1453, 1374, 1217, 1076, 1028, 753, 699 
cm−1; 
HRMS (ESI): [M+Na]+ calcd for C21H25NNaO3: 362.1732, found: 362.1732; 
Rf = 0.31 (EtOAc : hexane = 1 : 6) 
 
 
Effect base stoichiometry in transforming cis-cyclopropyl nitroalkane into 
















To a stirred solution of nitroalkane (45.6 mg, 0.13 mmol) in DMF (1.3 mL) was added 
tBuOK (13.1 mg, 0.12 mmol) at rt under O2 atmosphere. After 20 h, the reaction was 
quenched by the addition of saturated aq. NH4Cl (1 mL) and extracted with EtOAc (3 × 
3 mL). The combined organic layers were washed with water, brine, dried (MgSO4), 
filtered and concentrated in vacuo. The residue was purified by flash chromatography 
on silica gel (Et2O : hexane = 1 : 10) to give nitroalkane (122 mg, 68%) as diastereomer 
mixture (dr=2.9 : 1). 
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cis isomer 
1H NMR (C6D6) δ 0.46 (1H, ddd, J = 8.4, 8.4, 4.0 Hz), 1.14 (1H, ddd, J = 5.2, 5.2, 4.0 Hz), 
1.22-.1.38 (1H, m), 1.48 (1H, ddd, J = 12.8, 12.8, 4.0 Hz), 1.77-1.90 (2H, m), 2.15 (1H, dt, 
J = 17.2, 7.2 Hz), 2.30-2.45 (3H, m), 3.31 (1H, dd, J = 10.0, 9.6 Hz), 3.54 (1H, dd, J = 10.0, 
5.2 Hz), 4.13 (1H, d, J = 12.0 Hz), 4.17 (1H, d, J = 12.0 Hz), 6.95-7.22 (10H, m); 
13C NMR (C6D6) 11.1, 23.3, 24.3, 25.4, 35.0, 43.2, 67.4, 72.5, 125.7, 127.1 (2C), 127.3 (2C), 
127.5 (2C), 128.0 (2C), 128.2 (2C), 128.4, 206.0; 
IR (neat) ν 3027, 2928, 2857, 1735, 1697, 1496, 1453, 1363, 1266, 1109, 1028, 737, 699 
cm−1; 
HRMS (ESI): [M+Na]+ calcd for C21H24NaO2: 331.1674, found: 331.1677; 
Rf = 0.26 (EtOAc : hexane = 1 : 6) 
 
trans isomer 
1H NMR (CDCl3) δ 0.47 (1H, m), 1.18 (1H, ddd, J = 8.8, 4.4, 4.0 Hz), 1.45 (1H, ddd, J = 
8.4, 4.4, 4.4 Hz), 1.63-1.78 (1H, m), 1.78 (2H, dt, J = 15.2, 7.2 Hz), 2.10-2.20 (2H, m), 2.37 
(2H, t, J = 7.2 Hz), 2.85 (1H, dd, J = 10.4, 6.8 Hz), 3.13 (1H, dd, J = 10.4, 5.2 Hz), 4.16 
(1H, d, J = 12.0 Hz), 4.20 (1H, d, J = 12.0 Hz), 6.95-7.25 (10H, m); 
13C NMR (CDCl3) 14.1, 23.6, 25.3, 25.6, 34.9, 42.3, 71.1, 72.2, 125.7, 127.1 (2C), 127.3 
(2C), 127.5, 128.0 (2C), 128.2 (2C), 138.6, 140.1, 207.1; 
IR (neat) ν 3027, 2928, 2857, 1735, 1697, 1496, 1453, 1363, 1266, 1109, 1028, 737, 699 
cm−1; 
HRMS (ESI): [M+Na]+ calcd for C21H24NaO2: 331.1674, found: 331.1677; 
Rf = 0.24 (EtOAc : hexane = 1 : 6) 
 











To a stirred solution of the aldehyde5 (104 mg, 0.5 mmol) in MeOH (1 mL) was added 
NaBH4 (18.9 mg, 0.5 mmol) at 0 °C. After 20 min, the reaction was quenched by the 
addition of pH7 phosphate buffer (2 mL) and extracted with EtOAc (3 × 3 mL). The 
combined organic layers were washed with brine, dried (MgSO4), filtered and 
concentrated in vacuo. The residue was purified by flash chromatography on silica gel 
(EtOAc : hexane = 1 : 3) to give the corresponding alcohol (99 mg, 95%). 
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1H NMR (CDCl3) δ 1.31-1.32 (1H, br-s), 1.61 (3H, d, J = 6.8 Hz), 1.85-1.93 (1H, m), 
1.99-2.06 (1H, m), 3.34-3.41 (2H, m), 3.52-3.58 (1H, m), 4.82 (1H, dq. J = 8.4, 6.8 Hz), 
7.16-7.19 (2H, m), 7.24-7.34 (3H, m); 
13C NMR (CDCl3) δ 17.3, 33.3, 46.6, 59.9, 88.0, 127.7, 128.0 (2C), 128.8 (2C), 138.3; 
IR (neat) ν 3367, 3029, 2950, 1547, 1494, 1454, 1389, 1361, 1294, 1042, 863, 764, 702 
cm−1; 












To a stirred solution of the alcohol (418 mg, 2.0 mmol) in CH2Cl2 (10 mL) were added 
imidazole (272 mg, 4.0 mmol), PPh3 (525 mg, 2.0 mmol), and I2 (508 mg, 2.0 mmol) 
sequentially at room temperature. After 30 min, the reaction was quenched by the 
addition of saturated aq. Na2S2O3 (15 mL). Separated aqueous layer extracted with 
CH2Cl2 (3 × 3 mL). The combined organic layers were washed with sat. aq. Na2S2O3, 
brine, dried (MgSO4), filtered and concentrated in vacuo. The residue was purified by 
flash chromatography on silica gel (EtOAc : hexane = 1 : 20) to give the corresponding 
iodide (460 mg, 72%) as a colourless oil. 
 
1H NMR (CDCl3) δ 1.61 (3H, d, J = 6.8 Hz), 2.12-2.29 (2H, m), 2.74 (1H, dt, J = 9.6, 6.8 
Hz), 3.09 (1H, ddd, J = 10.0, 6.8, 4.4 Hz), 3.34 (1H, ddd, J = 12.0, 8.4, 4.0 Hz), 4.80 (1H, 
dq, J = 8.0, 6.8 Hz), 7.17- 7.19 (2H, m), 7.25-7.35 (3H, m); 
13C NMR (CDCl3) δ 3.12, 17.3, 34.5, 50.5, 87.4, 128.1 (2C), 129.0 (2C), 136.9; 
IR (neat) ν 3053, 2986, 2304, 1553, 1494, 1454, 1389, 1361, 1265, 1229, 1174, 895, 867, 
738, 702 yos 












To a stirred solution of the iodide (319 mg, 1.0 mmol) in DMF (5 mL) were added K2CO3 
(415 mg, 3.0 mmol) and 1-decanethiol (184 µL, 0.9 mmol) at rt under N2 atmosphere. 
After 6 h, the reaction was quenched by the addition of saturated aq. NH4Cl (1.5 mL). 
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The mixture was extracted with EtOAc (3 × 3 mL). The combined organic layers were 
washed with water, brine, dried (NaSO4), filtered and concentrated in vacuo. The 
residue was purified by flash chromatography on silica gel (EtOAc : hexane = 1 : 10) to 
give the corresponding  ketone (201 mg, 55%) as a ca. 2:1 mixture of diastereomers. 
 
a ca. 2:1 mixture of diastereomers 
 1H NMR (CDCl3) δ 0.88 (3H, t, J = 6.8 Hz), 1.25-1.31 (15H, m), 1.43-1.51 (2H, m), 1.60 
(2H, d, J = 6.8 Hz), 1.92-1.99 (2H, m), 2.00-2.25 (1H, m), 2.31-2.43 (3H, m), 3.31-3.37 (1H, 
m), 4.71-4.78 (1H, m), 7.15-7.18 (2H, m), 7.24-7.37 (3H, m); 
13C NMR (CDCl3) δ 14.1, 17.2, 18.2, 22.7, 28.8, 28.9, 29.2, 29.3, 29.4, 29.5, 30.5, 31.6 31.8, 
32.0, 32.1, 48.9, 49.0, 87.9, 88.0, 127.7, 127.8, 128.0, 128.3, 128.8, 129.0, 137.7, 138.0; 
IR (neat) ν 2924, 1551, 1494, 1454, 1387, 1359, 1296, 1268, 1075, 867, 763, 701 cm−1; 







1H NMR (CDCl3) δ 0.87 (3H, t, J = 6.8 Hz), 1.24-1.35 (15H, m), 1.49-1.53 (2H, m), 
1.91-1.95 (1H, m), 2.06 (3H, s), 2.27-2.34 (2H, m), 2.38-2.46 (3H, m), 3.86 (1H, t, J = 6.8 
Hz), 7.19-7.21 (2H, m), 7.25-7.28 (1H, m), 7.31-7.34 (2H, m); 
13C NMR (CDCl3) δ 14.1, 22.7, 28.9, 29.2, 29.3, 29.5, 29.6, 31.2, 31.8, 31.9, 57.8, 127.4, 
128.3, 129.0, 138.3; 
IR (neat) ν 3027, 2923, 1713, 1599, 1492, 1453, 1354, 1276, 1163, 1076, 1303, 757, 700 
cm−1; 







1H NMR (CDCl3) δ 0.87 (3H, t, J = 6.8 Hz), 1.25 (13H, br-s), 1.36-1.43 (2H, m), 1.66-1.72 
(2H, m), 2.06 (3H, d, J = 2.4 Hz), 2.09-2.20 (1H, m), 2.44-2.53 (1H, m), 2.54-2.65 (3H, m), 
3.81-3.90 (1H, m), 7.18-7.22 (2H, m), 7.28-7.37 (3H, m); 
13C NMR (CDCl3) δ 14.1, 22.5, 22.6, 25.0, 25.1, 28.8, 29.0, 29.1, 29.2, 29.3, 29.4, 31.8, 
49.5, 49.8, 52.2, 52.5, 57.8, 58.1, 127.7, 127.8, 128.2, 128.3, 129.2, 129.3, 137.5, 137.6, 
207.1, 207.2; 
IR (neat) ν 2923, 1712, 1599, 1493, 1453, 1355, 1244, 1165, 1031, 701 cm−1; 
HRMS (ESI): Calcd for C21H34NaO2S [M+Na]+: 373.2177, Found: 373.2180; 
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Pot Economy in the Synthesis of Prostaglandin A1 and E1 Methyl
Esters**
Yujiro Hayashi* and Shigenobu Umemiya
Dedicated to Professor E. J. Corey
The efficient total synthesis of natural products has always
been a critical issue for organic chemists, especially when the
molecule to be prepared possesses important biological
activity and is difficult to obtain from natural sources. A lot
of effort has been devoted to the development of the ideal
synthesis.[1] Recently, when synthesizing molecules we not
only have to consider efficiency but also sustainability, as
indicated by terminology such as atom economy,[2] step
economy[3] and redox economy.[4] Protecting-group-free[5]
and toxic-metal-free syntheses would also contribute to
sustainability, and catalytic reagents (as selective as possible)
are regarded as superior to stoichiometric reagents according
to the 12 principles of green chemistry.[6]
A one-pot reaction is an efficient method to achieve
several transformations and form several bonds, while at the
same time cutting out several purifications, minimizing the
generation of waste chemicals, and saving time. Thus, a one-
pot reaction can also be regarded as environmentally benign,
and “pot economy” should be considered when planning
a synthesis.[7]
The prostaglandins are known to act as local hormones;
only trace amounts can control a multitude of important
physiological processes, and some of their derivatives are used
as medicines.[8] The scientific community has put a great deal
of effort and ingenuity into their efficient synthesis because of
their biological importance and limited availability from
natural sources.[9] These molecules have inspired the chemical
community to devise many different synthetic strategies,
beginning with Coreys landmark synthesis[10] and continuing
with more than 40 subsequent syntheses, but all the previous
syntheses require many operations. Thus, it is still a synthetic
challenge to synthesize a molecule of this complexity, that is,
with three contiguous stereogenic centers, in a small number
of steps and by a sustainable process. Moreover, the synthesis
of the D and E series of prostaglandins, which contain a b-
hydroxyketo moiety, is very difficult owing to their instability
and facile dehydration resulting in their conversion into A-
type and B-type prostaglandins in acidic and basic media,
respectively.[11] Herein, we have accomplished a three-pot
synthesis of prostaglandin E1 methyl ester (1; see Scheme 1)
and A1 methyl ester (2 ; see Scheme 2) by using an organo-
catalyst.[12, 13] During the preparation of this manuscript,
a short (seven steps) synthesis of prostaglandin PGF2a has
been described, for which the total yield is 2.2–3.3%.[14]
Our strategy is completely different from any previous
synthesis of prostaglandins: The first one-pot operation
involves construction of a key chiral intermediate that
contains all the carbon atoms of prostaglandin from three
simple molecules, and subsequent reactions consist of only
functional-group transformations.
The first key reaction relied on the use of diphenylprolinol
silyl ether (3),[15] an effective organocatalyst developed
independently by our research group[16] and that of Jørgen-
sen.[17] The asymmetric Michael reaction of an aldehyde and
an nitroalkene can be catalyzed by 3, and this reaction has
already been successfully employed in our two-pot synthesis
of ()-Oseltamivir[18] and one-pot synthesis of ABT-341.[19]
Chiral cyclohexane derivatives can be synthesized by
a domino reaction consisting of a Michael reaction mediated
by organocatalyst 3 and a Henry reaction of aqueous
tetrahydro-2H-pyran-2,6-diol.[20] We applied this domino
reaction to the synthesis of the cyclopentane framework.
Starting from the three simple fragments nitroalkene 4,
succinaldehyde (5), and Horner–Wadsworth–Emmons
reagent 6, the prostaglandin skeleton 7, containing all the
necessary carbon atoms, is constructed in a one-pot operation
in good yield (81%) with good diastereoselectivity and
excellent enantioselectivity (Scheme 1). Of the eight possible
diastereomers, three were generated in the ratio of 76:17:7.
Although the relative stereochemistry was not determined at
this stage, the relative and absolute configurations at C8 and
C12 are highly controlled, as shown after conversion into the
cyclopentene derivative 10 (see Scheme 2). This crucial
sequence requires some elaboration: the first reaction is
a Michael reaction mediated by diphenylprolinol silyl
ether.[16] The sequential intramolecular Henry reaction is
slow but is facilitated by iPr2EtN, and subsequent addition of
Horner–Wadsworth–Emmons reagent 6 to the same pot
affords 7, having the complete skeleton of the prostaglandins.
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The use of a one-pot procedure is beneficial, because when 9
(Scheme 2) was isolated before the addition of 6, a lower yield
was obtained as a result of the instability and ready
epimerization of 9. Only 5 mol% of catalyst 3 is needed and
each reagent is added in succession to the same pot, thus
making the one-pot synthesis of 7 practical.
The next reaction is the diastereoselective reduction of
the ketone in the w-side chain; this transformation was
successfully achieved by treatment of 7 with ()-diisopino-
camphenyl chloroborane (DIPCl)[21] to afford allyl alcohol 8
in 68% yield and 96:4 d.r. at the C15 stereogenic center. It is
not necessary to protect this hydroxy group, thus making the
synthesis more efficient by removing the need for the usual
protection/deprotection steps. Elimination of water proceeds
upon treatment of 8 with acidic Al2O3
[22] at 60 8C to provide 1-
nitrocyclopentene 10. The cis and trans isomers are separable,
and are formed in a 93:7 ratio. The optical purity of the major
cis isomer was determined to be 94% ee by HPLC analysis on
a chiral column. These results indicate that the first Michael
reaction mediated by organocatalyst 3 is highly diastereo- and
enantioselective.
Prostaglandin A1 (PGA1) methyl ester (2) can be obtained
from 10 by a base-promoted three-step transformation
involving migration of the double bond to the neighboring
position. Isomerization of the double bond of 10 to give 2-
nitrocyclopentene 11 (see Scheme 2) proceeded in the
presence of DABCO. It should be noted that 2-nitrocyclo-
pentene 11 is stable and does not isomerize to conjugated 1-
nitropentene 10 under basic conditions. Then, the addition of
iPr2EtN at 0 8C resulted in conversion of 2-nitrocyclopentene
11 into PGA1 methyl ester (2), through a novel transforma-
tion of the nitro group into a carbonyl group, with subsequent
epimerization of the a-side chain from the cis to trans
orientation to the w-side chain. The choice of base and
temperature are key in this step, because isomerization of the
double bond of 2 to give the more stable prostaglandin B1
(PGB1) methyl ester (12, see Scheme 2) is facile and occurs in
the presence of stronger base or even just at room temper-
ature. When the reaction is quenched at this stage, PGA1
methyl ester (2)[23] can be isolated in 45% yield from 8 over
four steps. Notably, the conversion of a nitroalkane into
a carbonyl normally proceeds under strong acidic conditions
and is known as the Nef reaction;[24] the similar base-
promoted transformation is very rare.[25]
For the synthesis of 1, instead of quenching the reaction,
the reaction mixture was neutralized by the addition of
TMSCl, the solvent was removed, and then a base-mediated
epoxidation[26] in MeOH at 45 8C was performed to
diastereoselectively provide an epoxyketone, without any
unwanted hydrolysis of the methyl ester. This epoxyketone
was treated with zinc[27] to afford PGE1 methyl ester (1). As
the intermediate epoxyketone is unstable, the one-pot
procedure again gave better results compared to stepwise
reactions. The transformations from 8 to give PGE1 methyl
ester (1) can be performed in a single pot in 25% yield over
four steps (average 71% yield per step). The synthetic PGE1
methyl ester (1) is identical in all respects to the natural
product.[28]
An innovative total synthesis of prostaglandins has been
accomplished by the use of diphenylprolinol silyl ether, thus
demonstrating the power of organocatalysis in the synthesis of
natural products and physiologically active compounds. This
synthesis was made possible by the discovery of a novel
transformation of a nitroalkene to a,b-unsaturated ketone
under mildly basic conditions, a marked contrast to the
Scheme 1. Synthesis of PGE1 methyl ester (1). DABCO=1,4-diazabicyclo[2.2.2]octane, TMS= trimethylsilyl.
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normal strong acidic conditions of the Nef reaction. Success
was also due to the finding of mild reaction conditions,
compatible with the labile functional groups, for several other
steps. One-pot operations are essential for this synthesis as
some of the intermediates are unstable, and therefore the
omission of their isolation by use of a one-pot operation
contributes to increasing the yield.
In summary, enantioselective total syntheses of PGE1
methyl ester (1) and PGA1 methyl ester (2) have been
accomplished in 14% and 25% total yield, respectively, by
using inexpensive and simple starting materials, and one-pot
reactions. The present route is not only short and efficient but
also possesses several noteworthy, sustainable features:
1) The total synthesis was performed in only three pots,
including three isolations and three chromatographic purifi-
cations, which reduces the amount of solvent necessary and
waste formed. 2) The key reaction is a highly selective
catalytic reaction, involving an organocatalyst developed by
our own group, and reduces the generation of waste.
3) Protection of the hydroxy group of 8 is not necessary,
thus eliminating protection/deprotection steps. 4) The metal-
based reagents employed in the present synthesis contain
either alkali-metal ions (Na, Li) or nontoxic Zn. Thus, the
present total synthesis is not only efficient for the synthesis of
a wide variety of prostaglandins and other natural products
with a cyclopentane skeleton, but is also environmentally
benign.
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Nef Reaction with Molecular Oxygen in the Absence of Metal
Additives, and Mechanistic Insights
Shigenobu Umemiya, Kentaro Nishino, Itaru Sato, and Yujiro Hayashi*[a]
Abstract: A Nef reaction has been developed that is con-
ducted under mildly basic conditions with molecular oxygen
as an oxidant, without the need for metal additives. Whereas
nitroalkanes are converted into ketones in good yield, nitro-
alkenes are transformed into a,b-unsaturated ketones in
one-pot by double-bond isomerization followed by the
oxygen-mediated Nef reaction. The reaction protocol is both
mild and general, and tolerates acid- and base-labile func-
tionality or protecting groups. When oxygen-saturated sol-
vents are employed, the reaction completes within 20 min.
Mechanistically, the addition of nitronate ion and molecular
oxygen is proposed to proceed initially through a single-
electron transfer event, as indicated by radical clock experi-
ments. This ultimately generates a putative 1,1-dioxirane,
which reacts further with another nitronate ion to generate
the ketone. Involvement of a 1,1-dioxirane is supported by
intramolecular trapping experiments with sulfide at the g-
position of the nitro-moiety.
Introduction
Nitro-containing compounds are synthetically important be-
cause the nitro group can be converted into several functional
moieties such as the carbonyl and amine groups.[1] The trans-
formation of a nitro group into a carbonyl group is known as
the Nef reaction, which is widely used in organic synthesis.[2]
There are several variations of this process. The classical Nef re-
action is carried out under acidic conditions using strong acid
such as aqueous HCl.[2] Oxidative methods are also known, and
a nitro compound can be converted into a carbonyl derivative
by oxidizing reagents such as KMnO4,
[3] m-chloroperoxybenzoic
acid (MCPBA),[4] MoO5–pyridine–HMPA,
[5] ceric ammonium ni-
trate,[6] hydrogen peroxide,[7] ozone,[8] singlet oxygen,[9]
tBuOOH/VO(acac)2,
[10] Oxone,[11] sodium chlorite,[12] dimethyl-
dioxirane,[13] tetrapropylammonium perruthenate,[14] or m-io-
doxybenzoic acid.[15] Molecular (triplet) oxygen has been used
as an oxidant, but these typically necessitate the use of metal
catalysts such as [Cu(tmeda)(NO2)2]
[16] and [Fe(Hdmg)2(py)2] .
[17]
The Nef reaction can also be carried out with reducing re-
agents such as aqueous titanium trichloride,[18] vanadium chlo-
ride,[19] and chromium chloride.[20] NaOMe/silica gel is also ef-
fective for this conversion.[21] Although there are many meth-
ods available for this transformation, there is still a need for its
development under mild, more chemoselective reaction condi-
tions that are compatible with both acid- and basic-labile pro-
tecting and functional groups. Herein, we describe such a syn-
thetic method and discuss the results of our mechanistic inves-
tigation.
Recently, we reported a three-step, “one-pot” synthesis of
prostaglandin E1 methyl ester, in which we discovered a new,
base-promoted transformation of nitroalkenes into a,b-unsatu-
rated ketones [Eq. (1)] .[22] In this reaction, the double bond is
isomerized into the next position and an a,b-unsaturated
ketone is generated. Because this reaction has high synthetic
potential, we decided to explore the transformation in both
detail and generality.
Results and Discussion
We chose to use (E)-2-nitroundec-2-ene as a model and investi-
gated the reaction conditions. After screening the base and
solvent, the desired a,b-unsaturated ketone was obtained in
good yield (82%) after 17 h by treatment with 1,4-diazabicyclo-
[2.2.2]octane (DABCO) in CH3CN [Eq. (2)] .
We then investigated the origin of the keto-oxygen in this
transformation. There is one report describing the transforma-
tion of a secondary nitro compound into the corresponding
ketone in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) in moderate yield after a long reaction time (several
days). The mechanism proposed by Ballini et al. is shown in
Scheme 1.[23] If a similar mechanism proceeds, a 18O-labeled
ketone would be generated from an N18O labeled nitroal-
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kene.[24] We, however, did not observe any 18O incorporation
[Eq. (3)] . We then speculated that the keto-oxygen could origi-
nate from residual water in the solvent. When anhydrous
CH3CN and a small amount of H2
18O (CH3CN/H2
18O=32:1) was
employed as a solvent, the ketone was obtained without 18O
incorporation [Eq. (4)] . When the reaction was performed with
degassed solvent under an Ar atmosphere, only partial isomeri-
zation of the double bond occurred and the ketone product
was not generated [Eq. (5)] . Ultimately, we found that when
the reaction was carried out under an 18O2 atmosphere, the re-
action completed twice as fast (8 h) and the 18O-labeled
ketone was obtained with 90% incorporation [Eq. (6)] . These
results clearly indicate that the incipient nitronate ion is oxi-
dized by molecular oxygen to ultimately afford the ketone.
Molecular oxygen has previously been employed as an oxi-
dant in the Nef reaction, but only when facilitated by metal
catalysts.[16,17] There is one mechanism-based study, as far as
we were aware, that reports the conversion of potassium nitro-
nate into the corresponding ketone in dimethyl sulfoxide
(DMSO) in low yield (10%).[25] Because the base-promoted
transformation of nitro compounds into carbonyl derivatives
with molecular oxygen is rare, optimization of the reaction
conditions under an O2 atmosphere was performed (Table 1).
Whereas K2CO3 and Cs2CO3 were effective in the conversion
with N,N-dimethylformamide (DMF) (entries 5 and 6), DABCO
promoted the reaction in CH3CN (entry 11). Under both condi-
tions, the desired a,b-unsaturated ketone was obtained in
good yield.
The transformation of a nitroalkene into a,b-unsaturated
ketone is proposed to proceed through the sequence of reac-
tions illustrated in Scheme 2, namely: 1) double bond isomeri-
zation of the a,b-unsaturated nitro compound to the b,g-unsa-
turated nitronate through Michael addition of DABCO, fol-
lowed by E2 elimination; and 2) Nef reaction of the nitronate
to the a,b-unsaturated ketone by interception with oxygen.
The observations that the allylic nitro derivative was obtained
under degassed solvent [Eq. (5)] and that nucleophilic amines
such as DABCO are effective, are consistent with this reaction
sequence.
The generality of the base-promoted Nef reaction was then
investigated (Table 2). Under the DABCO–CH3CN conditions,
the reaction proceeded smoothly to afford the corresponding
a,b-unsaturated ketones in good yield. Not only methyl ke-
tones, but also ethyl ketones were obtained (entries 1 and 2).
The reaction proceeds under mild conditions, therefore, base-
labile protecting groups could be employed (entries 3 and 8).
Acid-labile protecting groups such as tBuMe2Si and THP were
also tolerated; such groups cannot be used in the classical Nef
reaction because of their instability in the presence of strong
acid (entries 5 and 6). Not only acyclic nitroalkenes, but also
cyclic nitroalkenes such as nitrocyclohexene and nitrocyclopen-
tene were suitable compounds, all of which could be convert-
ed into the respective cyclohexenone and cyclopentenone de-
rivatives in good yield (entries 7 and 8).
The nitroalkenes previously adopted were readily prepared
from aldehydes and nitroalkanes through the Henry reaction,
followed by dehydration. Considering that one-pot, multi-step
reactions are synthetically practical, as shown by “pot-econo-
my” in our recent syntheses of Tamiflu[26] and ABT-341,[27] as
well as in our three-step, one-pot synthesis of prostagrandin E1
Scheme 1. Mechanism of base-promoted Nef reaction as proposed by Balli-
ni.[23]
Table 1. Effect of base and solvent in the Nef reaction between (E)-2-ni-
troundec-2-ene and O2.
[a]
Base Solvent t [h] Yield [%][b]
1 tBuOK DMF 2 36
2 DABCO DMF 72 52
3 DBU DMF 3 68
4 Et3N DMF 72 71
5 Cs2CO3 DMF 2 78
6 K2CO3 DMF 9 80
7 K2CO3 CH3CN 72 32
8 DABCO THF 48 25
9 DABCO CH2Cl2 48 49
10 DABCO toluene 48 30
11 DABCO CH3CN 8 81
[a] Reaction conditions (unless noted otherwise): (E)-2-nitroundec-2-ene
(0.30 mmol), base (0.36 mmol), solvent (3 mL), O2 atmosphere RT. [b] Yield
of the purified product.
Scheme 2. DABCO-promoted conversion of nitroalkene into a,b-unsaturated
ketone.
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methyl ester,[22] we pursued the streamlined synthesis of a,b-
unsaturated ketones directly from aldehydes. After several ex-
periments, we developed a one-pot synthesis using nonanal as
a model aldehyde (Table 3, entry 1), in which the aldehyde was
treated with nitroethane in the presence of Et3N to afford the
Henry product. Addition of Ac2O and a catalytic amount of 4-
(N,N-dimethylamino)pyridine (DMAP), and further addition of
K2CO3 after 20 min afforded the nitroalkene. Substitution of
the argon balloon with one of oxygen initiated the Nef reac-
tion with K2CO3 to provide undec-3-en-2-one in 55% yield over
four reactions, which is an average of 86% yield per reaction.
In this multi-step transformation, K2CO3 acts as a base both in
the deacetylation step and during the Nef reaction. Neither
evaporation nor solvent swap was found to be necessary. The
reagents were simply added sequentially. The generality of the
reaction is summarized in Table 3. The reaction proceeds not
only with nonanal but can also be conducted aldehydes con-
taining an acid-labile protecting group such as THP. Substrates
with imido, alkene, and furan moieties were also compatible
starting materials, affording the a,b-unsaturated ketones in
moderate yield over four reaction operations in one-pot.
There are many methods for the synthesis of a,b-unsaturat-
ed ketones from aldehydes, such as the Wittig reaction,
Horner–Wadsworth–Emmons (HWE) reaction, and aldol con-
densation [Eq. (7)] . The present transformation is a rare trans-
formation for the synthesis of a,b-unsaturated ketones, in
which the double bond is constructed between the a-carbon
of aldehyde and formyl carbon of the parent aldehyde
[Eq. (8)] . This is because of an umpolung[28] in reactivity, where-
by the nitronate anion is a synthetic equivalent of the acyl
anion.
In the reaction of cyclic ketones such as cyclohexanone, the
Henry reaction catalyzed by N,N-dimethylethylenediamine[29]
followed by dehydration, can be carried out in a single pot to
afford the allylic nitro derivative. The oxygen-mediated Nef re-
action proceeds smoothly in the presence of tBuOK (see














[a] Reaction conditions: Nitroalkene (0.30 mmol), DABCO (0.36 mmol),
CH3CN (1.5 mL), O2 atmosphere, RT. [b] Yield of purified product.
Table 3. One-pot synthesis of a,b-unsaturated ketones from aldehydes.[a]
Starting Product t Yield
material A [h] B [min] C [h] D [h] [%][b]
1 14 20 4 19 55
2 15 30 2 47 54
3 12 30 3 70 42
4 15 20 4 40 42
5 15 30 4 50 37
[a] Reactions were performed with aldehyde (0.30 mmol). See the Supporting Information for the detailed experimental procedure. [b] Yield of the purified
product.
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below), providing cyclohexyl methyl ketone in 62% yield
[Eq. (9)] .
This reaction displays generality for the synthesis of cycloal-
kenyl ketones (Table 4). Not only cyclohexenyl methyl ketone
but also cyclohexenyl ethyl ketone can be synthesized effi-
ciently (entry 2). Cycloheptenyl and cylooctenyl methyl ketones
are synthesized in good yields (entries 3 and 4). It should be
noted that synthetically useful cycloalkenyl ketones could also
be prepared easily from readily available starting materials in
only two steps.
Considering that the transformation of a nitroalkene into an
a,b-unsaturated ketone involves both alkene isomerization and
oxidative removal of the nitro group to release a carbonyl
group, the optimal conditions used to convert a nitroalkane
into the corresponding ketone was expected to be different.
We adopted 2-nitro-5-phenylpentane as a model for optimiza-
tion studies (Table 5). In contrast to the reaction of nitroal-
kenes, DABCO and K2CO3 were not suitable bases (entries 2
and 3), but DBU was found to be effective in both DMF and
CH3CN. This afforded the ketones in excellent yield and the
amount of DBU could be reduced to 1.2 equivalents (entries 8
and 9). Air can be employed instead of O2 to afford the prod-
uct in good yield, although the reaction was slower (entry 10).
The base tBuOK was also suitable and was found to promote
a faster reaction than DBU. This afforded the ketone in good
yield in solvents such as DMF and CH3CN (entries 11 and 12).
So far, the reactions were carried out under O2 atmospheres,
and it took 2 h for completion of the reaction in the case of
tBuOK (entry 11). When we used a DMF solution of nitroalkane
saturated with O2, the reaction completed within 20 min to
afford the product in good yield (entry 13). This result indicates
that the reaction of the nitronate ion with molecular oxygen is
fast, and that the slow reaction under nonsaturated conditions
(entry 11) is due to slow absorption (a low concentration) of
molecular oxygen in the solvent.
The generality of the Nef reaction with molecular oxygen
without metal catalysts or additives was then investigated
under two conditions (Table 6). Conditions A: DBU was used as
base in DMF, which is not presaturated with O2. Conditions B:
tBuOK was used as base in O2-saturated DMF. Although the re-
action is faster under the latter conditions, both conditions af-
forded the corresponding ketones in good yield. Protecting
groups that are labile toward acid can be utilized successfully
(entries 2, 3, and 6). Double bonds are also tolerated, which
are not stable under Nef conditions using strong oxidants
(entry 5). When an optically active nitro compound was em-
ployed, very low enantioselectivity was obtained in the case of
DBU, but there was no decrease in enantioselectivity when
tBuOK was employed as base (entry 6). In the case of DBU, the
a-proton adjacent to the nitro group is gradually removed and
the remaining DBU can racemize the product. With tBuOK, the
a-proton of the nitro group deprotonates smoothly with im-
mediate formation of the nitronate anion and residual base
does not remain in the reaction mixture. Thus, racemization of
the product does not occur in the latter case. A benzyl nitro
compound is also a suitable substrate, affording the acetophe-
none derivative in good yield (entry 7). Ester and ketone moi-
eties do not disturb the reaction (entries 8 and 9). The mild re-
action conditions mean that no intramolecular aldol reaction
takes place (entry 9), even though the product possesses a 1,4-
diketone moiety. Primary alkyl nitro compounds are not suita-
ble substrates, for example, the Nef reaction does not proceed
in the case of 4-phenylnitrobutane.











[a] Reaction conditions: nitro compound (0.3 mmol), tBuOK (1.2 mmol),
DMF (3.0 mL), O2 atmosphere, RT. [b] Yield of the purified product.
Table 5. Effect of base and solvent on the Nef reaction of 2-nitro-5-phe-
nylpentane and O2.
[a]
Base Solvent t [h] Yield [%][b]
1 Et3N CH3CN 48 10
2 DABCO CH3CN 48 18
3 K2CO3 CH3CN 48 46
4 DBU CH3CN 4 80
5 DBU DMF 4 84
6 DBU THF 72 37
7 DBU toluene 72 48
8[c] DBU DMF 18 91
9[c] DBU CH3CN 20 85
10[d] DBU DMF 50 87
11 tBuOK DMF 2 82
12 tBuOK CH3CN 2 80
13[e] tBuOK DMF 0.33 85
[a] Reaction conditions (unless noted otherwise): 2-nitro-5-phenylpentane
(0.30 mmol), base (0.60 mmol, 200 mol%), solvent (3 mL), O2 atmosphere,
RT. [b] Yield of the purified product. [c] DBU (0.36 mmol, 120 mol%) was
employed. [d] The reaction was carried out under air. [e] The reaction was
performed by using a DMF solution saturated with O2.
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Speier and co-workers investigated the reaction mechanism
of the Nef reaction for conversion of potassium nitronates into
ketones with molecular oxygen, even though the yield was
low (10%). They reported that both nitrate and nitrite ions
were generated in 49 and 70% yield, respectively.[25] We there-
fore also investigated the amounts of nitrate and nitrite ions in
the reaction mixture. After the reaction, the volatile materials
were removed under reduced pressure, water was added to
the reaction mixture, and the inorganic materials were extract-
ed by water. The amounts of nitrate and nitrite ions were de-
termined by ion chromatography.[30] Nitrate ions were detected
in only a small amount (2.7%), whereas nitrite ions were gen-
erated in good yield (86.2%, see below).
It is known that a single-electron transfer (SET) process is in-
volved in the auto-oxidation of phosphonate carbanion with
molecular oxygen[31] and in the chemiluminescence reaction of
imidazopyrazinone with molecular oxygen,[32] therefore, the in-
volvement of radical species in the present reaction was inves-
tigated by using radical clock techniques. We thus prepared
a nitroalkane possessing a a-cyclopropyl moiety. The reaction
proceeded in the presence of t-BuOK under oxygen atmos-
phere to afford the cyclopropyl ketone in 78% yield [Eq. (10)] .
Opening of the cyclopropane was not observed at all.
The reaction of isomerically
pure cis-cyclopropylnitroalkane
was then examined for cis/trans
isomerization (Table 7). The cy-
clopropyl ketone was obtained
as a cis and trans mixture (cis/
trans ratio 76:24) in 71% yield
by treatment with t-BuOK
(1.0 equiv, entry 3); here also
opening of the cyclopropane
was not observed at all. Consid-
ering the possibility that cis/
trans isomerization might occur
after the formation of the cis-
ketone, the reaction was investi-
gated in further detail. The cis/
trans ratio did not change when
the amount of t-BuOK was re-
duced (0.7 and 0.9 equiv, en-
tries 1 and 2). When the purified
cis-cyclopropyl ketone was treat-
ed with nitroisopropane
(4 equiv) and t-BuOK (2.0 equiv),
which generates potassium ni-
tronate, no reaction proceeded
and complete recovery of the
cis-cyclopropyl ketone was ach-
ieved, showing that potassium
nitronate is not sufficiently basic
to isomerize the cis-cyclopropyl
ketone into its trans-isomer
[Eq. (11)] .
Table 6. Generality of the base-promoted transformation of nitroalkane into ketone.[a]









1 18 91 20 85
2 20 90 20 88
3 20 95 20 90
4 22 89 20 88
5 18 88 20 85
6[d] 32 65[e] 60 71[f]
7 6 71 5 75
8 21 93 20 87
9 23 92 20 93
[a] Reaction conditions: nitroalkane (0.30 mmol), DBU (0.36 mmol) or t-BuOK (0.36 mmol) and DMF (3.0 mL), RT.
[b] Conditions A: DBU and balloon with oxygen were employed. Conditions B: t-BuOK and DMF saturated with
oxygen were employed. See the Supporting Information for details. [c] Yield of the purified product. [d] Reac-
tion conditions: nitroalkane (0.30 mmol), base (DBU or tBuOK) (0.28 mmol), DMF (3.0 mL), RT. [e] The enantio-
mer ratios of the starting material and the product were 96.5:3.5 and 53:46, respectively. [f] The enantiomer
ratios of the starting material and the product were 96.5:3.5 and 96:4, respectively.
Table 7. Effect of base stoichiometry on transforming cis-cyclopropyl ni-
troalkane into cyclopropylketone.[a]
tBuOK [equiv] t [h] Yield [%][b] cis/trans[c]
1 0.7 16 51 72:28
2 0.9 16 68 75:25
3 1.0 12 71 76:24
[a] Reaction conditions: nitroalkane (0.15 mmol), DMF (1.5 mL), O2 atmos-
phere, RT. [b] Yield of the purified product. [c] The diastereomer ratio was
determined by 1H NMR analysis; the structure was determined based on
NOESY spectra.
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These results indicate that cis to trans isomerization
does not occur after formation of the cis-isomer and that
the trans-isomer would be generated during the Nef reac-
tion. The opening of the cyclopropylcarbinyl clock is usu-
ally considered as a very sensitive probe that differenti-
ates between radical and polar pathways. The reaction,
driven by the relief of ring strain, is very fast; values may
vary with the substitution pattern of the cyclopropyl ring
but it is faster than the rate of diffusion.[33] However, there
are several reports that ring opening of the cyclopropyl-
methyl radical is reversible when the radical is stabilized.
This reversibility of ring opening is observed in the single-
electron transfer reductions of cyclopropylphenylketone[34]
and cyclopropylbenzoquinone.[35] The cis/trans isomeriza-
tion of disubstituted cyclopropane has been used as
a probe to identify radical intermediates by several re-
search groups.[36] The results of the present radical clock
study demonstrated that a radical intermediate is likely to be
involved.
Based on the above results, we propose the reaction mecha-
nism shown in Scheme 3. The nitro compound reacts with
base to generate the corresponding nitronate anion, which
reacts with dioxygen to provide a nitroalkyl radical and a super-
oxide ion through a single-electron transfer mechanism. In the
case of a cyclopropylcarbinyl radical, rapid ring-opening and
ring-closure is conceivable before any radical coupling and C
O bond-formation step. Collectively, this would result in the
observed cis-to-trans isomerization (Scheme 4). The generated
peroxide intermediate would then lead to the 1,1-dioxirane in-
termediate through expulsion of a nitrite anion. The dioxirane
can then react with another nitronate to provide the corre-
sponding carbonyl compound and more inorganic nitrite,
which was identified to be generated in 86.2% yield. Although
the Nef reaction of nitronate and dimethyldioxirane is
known,[13] we wanted to clarify the involvement of a 1,1-dioxir-
ane species to help substantiate this reaction mechanism.
We further designed an intramolecular oxophilic trap for the
proposed 1,1-dioxirane intermediate (Table 8). Thus, a nitro
alkane with a g-sulfide, i.e. , 5-decylthio-2-nitro-3-phenylpen-
tane, was first treated with tBuOK for 30 min in CH3CN to form
the nitronate ion stoichiometrically. This solution was then
added to a CH3CN solution saturated with oxygen. Under
these conditions, not only ketone 1 but also sulfinyl ketone 2
were generated. When the reaction was conducted at 0.25m
concentration, the sulfinyl ketone 2 was obtained in trace
amounts (entry 1), but upon dilution (0.005m concentration)
sulfinyl ketone 2 was generated in 8% yield at room tempera-
ture (entry 2). The yield of sulfinyl ketone 2 increased to 16%
when the reaction was carried out at 40 8C (entry 3). In all
cases, compounds containing both sulfoxide and nitro moiet-
ies could not be detected. Without base, the reaction did not
proceed [Eq. (12)] . Additional treatment of the sulfanyl ketone
1 under the Nef reaction conditions did not generate any sulfi-
nyl ketone 2 [Eq. (13)] . The sulfoxide was thus formed during
the oxidative conversion of the nitro group into the ketone
and the yield of the sulfinyl ketone 2 increased at lower con-
centrations and lower temperatures. These results indicate that
the sulfide was oxidized in an intramolecular manner
(Scheme 5), which supports the involvement of a 1,1-dioxirane
species during the course of the reaction.
Conclusion
We have developed a base-promoted Nef reaction by using
molecular oxygen as a mild oxidant. The present Nef reaction
possesses several noteworthy features: 1) the reaction pro-
ceeds under mild reaction conditions that are compatible with
labile protecting groups; 2) nitroalkenes can be converted into
a,b-unsaturated ketones in a one-pot procedure that involves
double bond isomerization followed by the Nef reaction; 3) di-
Scheme 3. Proposed mechanism of base-promoted Nef reaction.
Scheme 4. Isomerization from cis- to trans-isomer.










1 0.25 23 82 <5
2[b] 0.005 23 71 8
3[b] 0.005 40 65 16
[a] Reaction conditions (unless noted otherwise): d-nitrosulfide (0.10 mmol),
tBuOK (0.15 mmol), CH3CN (0.4 mL). [b] Reaction conditions: d-nitrosulfide
(0.10 mmol), tBuOK (0.15 mmol), CH3CN (20 mL). See the Supporting Informa-
tion for the detailed procedures. [c] Yield of purified product.
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oxygen is environmentally friendly and neither metal catalysts
nor additives are required; 4) the reaction is “green” and pro-
ceeds through a single-electron transfer mechanism, as sup-
ported by radical clock experiments; 5) the oxidized intermedi-
ate is proposed to be a 1,1-dioxirane, as supported by intramo-
lecular thiol trap experiments.
Considering that many methods are known for the synthesis
of functionalized nitro compounds, the mild conversion of
nitro groups into carbonyl groups is anticipated to not only be
a highly useful synthetic transformation for the preparation of
functional carbonyl compounds, but also to be a synthetic al-
ternative to Wittig-type reactions to achieve one-carbon conju-
gate homologations with masked ketone functionality under
umpolung[28] strategies.
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Scheme 5. Proposed mechanism of intramolecular trap of 1,1-dioxirane.
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